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In-situ measurements of radon concentrations in soil gas at a site on the Cape 
Flats 
 
Ramudzuli Fijiant Manavhela 
 
Dept. of Physics, University of the Western Cape, Private Bag X 17, Bellville, 7537, South Africa 
 
Abstract 
Measurements of radon (222Rn) concentration in soil gas are routinely used to locate 
geological fault zones. This study was undertaken to investigate the systematic effects 
that influence radon soil-gas measurements, in preparation for the first such fault zone 
measurements in South Africa. The measurements were made at two zones (called A 
and B for ease of reference) on the iThemba LABS site, which is located in Faure, on 
the Cape Flats, Western Cape (South Africa). There are no known faults located in the 
vicinity (~ 10 km) of the site.  The radon measurements were made using a RAD7 
(Durridge) radon monitor, which makes use of alpha spectrometry. A steel soil probe, 
which is inserted into the soil, was used to transfer radon from a certain depth in the 
soil to the RAD7 monitor via a flexible tube. Measurements were made at five 
sampling areas (three in zone A (A1, A2 and A3) and two in zone B (B1 and B2)), on 
the site during the months of May, August and October 2006. The variation of soil-
gas radon concentration as a function of depth, time of day and meteorological data 
were studied. The depths at which measurements were made were generally 25, 50, 
75 and 100 cm. (In August and October, some of the depths were not considered due 
to a high water table.) Atmospheric temperature, air humidity, wind speed and 
atmospheric pressure were measured using a portable weather tracker (Kestrel 4000). 
The highest radon concentrations recorded were 11000 ± 776 Bq.m-3 and 26900 ± 
1370 Bq.m-3 at a depth of 100 cm in zone A and B, respectively (May). Generally, the 
radon concentrations were significantly quenched during the August and October 
measurements relative to the May values. The May soil-gas radon concentration 
profiles as a function of depth were fitted using a chi-square minimization procedure 
in order to extract diffusion lengths. A functional form derived from a one-
dimensional diffusion model was used for the fitting. One the parameter of the fit 
function is the 226Ra activity concentration. This was determined by means of gamma-
ray spectrometry (in-situ and laboratory-based). A MEDUSA-type detector system 
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comprising a CsI(Na) scintillator crystal and a GPS signal receiver were used for the 
in-situ measurements. A high-purity germanium detector (2.6 keV FWHM resolution 
at 1.33 MeV, 45 % relative efficiency) was used for the laboratory measurements. 
Significant seasonal variations in soil-gas radon concentration were observed 
(concentrations were generally much lower during or after the rainy season due to the 
presence of a high water table, and possibly the presence of more lush vegetation 
causing more radon to escape to the atmosphere). Significant (up to a factor of 2) 
local variation in radon concentration was observed at a particular depth, in a 
particular zone during autumn (just after the dry season). The soil-gas radon 
concentrations (for depth > 25 cm) in zone B were ~ factor of 2 higher than in zone A. 
The difference is largely due to the fact that the 226Ra soil activity concentrations in 
zone B were higher than in zone A (by a factor of ~ 1.6). Significant correlations 
(with coefficients > 0.6) were found between soil-gas radon concentrations and soil 
226Ra activity concentrations (using a combination of zone A and B data). No 
significant, robust correlations (with correlation coefficients > 0.6) were found 
between soil-gas radon concentrations and meteorological parameters. Often 
contradictory results (in terms of the sign of the coefficient) were found. From 
measurements made at two depths (25 and 50 cm) in zone A, over a 24 hour period, 
there is evidence of a statistically significant variation between night and day radon 
concentrations, with the former being higher. The one-dimensional diffusion model 
used to fit the measured radon concentration depth profiles failed to fit the data when 
the results for a depth of 25 cm were included. When the 25 cm data were excluded 
the fits yielded diffusion lengths that are more realistic, although significant variations 
in diffusion length were found in a particular zone. 
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 1 
CHAPTER 1 INTRODUCTION 
 
Radon is a naturally occurring radioactive noble, colorless and odourless gas. It is the 
heaviest member of the rare earth group (~100 times heavier than hydrogen). Radon 
can be found in soil, air and water. Radon has atomic number of 86, melting point of –
71 °C, boiling point of –61.8 °C, and the specific gravity of 4 at normal temperature 
and presssure.  
 
In the environment, the radon element has three radioactive isotopes, namely: 219Rn 
(half-life ~3.96s), 220Rn (half-life ~55.6s) and 222Rn (half-life ~3.83d). Radon isotopes 
are produced naturally within the soil grains of the bedrock of the earth’s crust, which 
contains the ores of uranium (238U, 235U) and thorium (232Th) and their daughters in 
secular equilibrium. These natural radioactive decay series are shown in Figures 1-1, 
1-2 and 1-3. Radon’s importance as an environmental source of radiation depends 
principally on the local concentrations of its parent, namely radium isotopes; on the 
physical characteristics of its source medium; and its mean life. The production of 
220Rn and 222Rn are almost the same because 238U has a shorter half-life and is less 
abundant than 232Th [Abu97]. The half-life of 222Rn is much longer than that of 220Rn. 
As a result, there is a greater probability for 220Rn to decay in its place of origin before 
finding its way out to the atmosphere. Normally 219Rn and 220Rn are neglected due to 
their short half-lives [Al-T01]. This study focused only on 222Rn measurements. 
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Figure 1-1: Decay diagram for the 235U series, with the half-life of each radionuclide 
shown and the energies of alpha emissions expressed in MeV [Ner88]. 
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Figure 1-2: Decay diagram for the 232Th series, with the half-life of each radionuclide 
shown and the energies of alpha emissions expressed in MeV [Ner88]. 
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Figure 1-3: Decay diagram for the 238U series, with the half-life of each radionuclide 
shown and the energies of alpha emissions expressed in MeV [Ner88]. 
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1.1 Origins of radon in soil gas 
 
222Rn originates from the decay of 226Ra (widely distributed in the rocks and soil). 
Weathering processes move radium atoms from within the mineral grains, and move 
them more to the surface of the grain [Spe05]. Some of the newly formed radon 
atoms, which originate in or on the surface of mineral grains, escape into the soil gas, 
where they are free to diffuse within the soil pores. Some of the radon atoms find their 
way to the surface, where they enter the atmosphere. 
 
Radium, 226Ra, is formed in the 238U decay chain as observed in Figure 1-3. The 
radium content in soil and building materials is typically given as an activity per unit 
dry mass (activity concentration), ARa (Bq.kg-1). The most convenient and accurate 
method widely used for the determination of naturally occurring radionuclide 
concentrations in soil is gamma-spectrometry on individual samples previously dried, 
powdered and packed in small plastic containers with a given geometry (see section 
2.5.2, Chapter 2 for more details) [Naz88]. The presence of 226Ra in soil and building 
materials depends on the amount of 238U. The 226Ra content is determined from the 
gamma-emissions of the 222Rn progeny (214Pb and 214Bi) after being hermetically 
sealed and stored long enough to ensure equilibrium between 226Ra and 222Rn. The 
analyses are normally done with a high energy-resolution hyper pure germanium 
(HPGe) detector (see section 2.5.3, Chapter 2). 
 
Owing to the conservation of linear momentum, when radium isotopes decay within 
the material grains, the resulting atoms of 222Rn and 220Rn possess kinetic energies of 
86 keV and 103 keV, respectively [Sun95]. The newly formed atom travels from its 
site of generation until its recoil energy is transferred to the material. The radon atom 
that has recoiled out of a grain travels in the pore region surrounded by adjacent 
grains. The recoil ranges in air and water are 63 μm and 0.1 μm, respectively (see 
Figure 1-4). A radon atom that has come into the pore region has one of the three 
destinies; 
? it stops in water, 
? it stops in air, or 
? it gets embedded in other grains lying along trajectory or path. 
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Figure 1-4: Destiny of radon atom following 226Ra decay [Sas04]. 
 
The emanation coefficient is defined as the fraction of 222Rn atoms, generated in soil 
grains that reach the pore volume of the soil. The emanation coefficient depends 
basically on soil grain-size distribution, porosity and on the water content [Spe05]. 
The 222Rn emanation coefficient is inversely proportional to the radius of the soil 
grain, even if the distribution of 226Ra in the grain is homogeneous. Therefore, the 
emanation coefficient depends on the soil type (see Tables 1-1 and 1-2). Radon atoms 
that contribute to the increase of emanation coefficient are therefore those in water or 
air [Sun04]. 
 
Table 1-1: Typical values of radon emanation coefficient for different soil textures 
[www01]. 
Medium Emanation coefficient 
Sand 0.10 – 0.36 
Sandy Loam 0.18 – 0.40 
Silty Loam 0.17 – 0.23 
Loam (Heavy) 0.18 – 0.40 
Clay 0.02 – 0.70 
Soil 0.06 – 0.55 
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Table 1-2: Typical values of radon emanation coefficient for different soil textures 
[Sun04]. 
Soil Types Emanation coefficient 
Sand 0.14 
Sandy Loam 0.21 
Loam 0.24 
Silty Loam 0.25 
Clay 0.28 
  
 
When studying the effect of moisture on the radon emanation coefficient, it is 
appropriate to use a dimensionless parameter called moisture saturation. Moisture 
saturation is defined as the total volume of the moisture-affected pore region divided 
by the total pore volume. Radon emanation coefficients start to increase at extremely 
low moisture saturation. Increase in moisture increases the emanation coefficient and 
available free radon [Men96]. At the saturation point, radon emanation and diffusion 
decreases [Cot87]. Without water, radon atoms coming into the pore region crash into 
the opposite grain and are embedded in it. In addition, as moisture increases in the 
pore space, it enhances the direct recoil fraction by absorbing the remaining recoil 
energy, and the radon atom ends its recoil in the water-filled pore space, instead of 
getting embedded in an adjacent grain [Sas04]. 
 
Porosity is defined as the ratio of the pore volume to the total volume of the soil. 
Porosity has a significant effect on the flow of gas or liquid and depends on the 
packing of soil grains, their shape, arrangement and size distribution [Muj05]. Figures 
1-5 and 1-6 show the arrangement of soil grains (grains are represented as round in 
both sketches). The arrangement of the soil grains in Figure 1-5 allows for a higher 
permeability (soil gas can flow easily), since the pores are larger. Small grains can 
have an effect on porosity if they fit into the openings left between larger grains 
(grains of larger diameter) (see Figure 1-6). As a result, radon gas will have difficulty 
to diffuse out of the soil resulting in lower gas permeability. Porosity of a material 
allows radon to diffuse through it. The porosity increases with decreasing the soil 
grain size [Naz88]. Porosity for particles of the same size is about 0.476, whereas 
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poorly sorted particles show a value of about 0.26 [Gra35]. Tables (1-3 and 1-4) are 
showing porosities as measured in different soil types in different studies. 
 
 
 
Figure 1-5: Mineral grains with similar diameters packed in a well-sorted manner 
[Sch94].  
 
 
 
Figure 1-6: Mineral grains packed in a much poorly sorted manner with a wide 
variety of grain-sizes, smaller grains in between the larger ones [Sch94]. 
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Table 1-3: Typical values of porosity for different soils [www01]. 
Medium Porosity 
Compacted silty sands 0.32 – 0.39 
Compacted clay sands 0.32 – 0.43 
Loams 0.25 
Mud 0.05 
 
Table 1-4: Values of radon diffusion length and porosity for specific examples of 
porous and sandy soil [Cle74]. 
Medium Diffusion coefficient 
(cm2/s) 
Diffusion length 
(cm) 
Porosity 
Porous soil 0.010 39.5 0.55 
Sand 0.032 192.3 0.41 
 
1.2 Radon movement through soil: mechanisms and 
modeling 
 
There are two basic mechanisms of 222Rn transport within a medium: diffusion and 
advection. 
 
1.2.1 Transport by diffusion – Fick’s law 
 
Diffusion is defined as the random movement of radon atoms in the soil air space 
resulting in the migration of radon atoms along the concentration gradient. The radon 
concentration gradient causes the movement of radon atoms towards the surface of the 
soil. Figure 1-7 (a) shows the radon transport by means of diffusion processes. 
Diffusion may account for radon transport over short distances, which are typically 
restricted to a few metres in the case of dry soils with normal porosity, and may be 
much shorter for soils with high humidity and low porosity [Tan64]. Diffusion is 
described by Fick’s law, which relates the flux density across the pore area to its 
concentration gradient. The coefficient relating these parameters is termed the 
effective diffusion coefficient, De (m2 s-1), and has an upper bound given by the 
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diffusion coefficient. According to Fick’s law, the diffusive flux density, dj
ρ
, of 222Rn 
activity per unit of pore area is  
CDj ed ∇−=
ρρ
    (1.1) 
where C  is the interstitial concentration of 222Rn. The negative sign arises from the 
fact that the diffusion occurs in the opposite direction of the increasing concentration. 
Many studies suggest that diffusion is the dominant mechanism by which radon enters 
the atmosphere from uncovered soil [Naz88]. 
 
1.2.2 Transport by advection – Darcy’s law 
 
Advective transport in a porous medium is due to the flow of the gas in the pore space 
containing the radon. Figure 1-7 (b) shows the radon transport by advection. Radon 
can migrate to the surface and enter houses. This can be caused by a pressure gradient 
and it is believed to be the most important driving force of radon atoms from the soil 
underneath certain houses [Pal03]. This gradient could be created mainly by changes 
in meteorological conditions and the use of mechanical systems such as fans or 
blowers, heating and air-conditioning systems in dwellings. Pressure-driven 
convective flow can be characterized by Darcy’s law, which relates the apparent 
velocity of fluid flow through a cross-sectional area to the pressure gradient, P∇ρ , as 
follows 
Pkv ∇−= ρρ μ     (1.2) 
Where   vρ  = fluid flow per unit cross section (m.s-1), 
  k  = intrinsic gas permeability (m2) of medium, 
  μ  = dynamic viscosity of gas (Pa.s), and 
  P  = air pressure (Pa) 
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(a) 
 
 
(b) 
 
Figure 1-7: Schematic representations of radon transport in soil by means of (a) 
diffusion and (b) advection processes [Pal03, Spe05]. 
 
1.2.3 Transport modeling 
 
In the present study, only transport by diffusion was considered during the modeling 
of 222Rn concentration as a function of depth in soil [Van94]. The one-dimensional 
diffusion equation for the proposed model can be expressed in the following way 
[Cra75, Van94] 
 
   SC
z
CD
t
C
e +−∂
∂=∂
∂ λ2
2
                                           (1.3) 
where   
t
C
∂
∂  = time rate of change of radon concentration, 
  eD  = effective radon diffusion coefficient, 
  C  = radon concentration in pore air of the soil, 
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  z  = depth in cm, 
  λ  = radon decay constant (2.1x10-6 s-1), and  
S  = production rate of radon in soil and is given by the following 
equation 
ε
εληρ )1( −= Ras AS                                     (1.4) 
where η  is the emanation coefficient of radon; sρ is the specific density of the soil 
(kg/m3); RaA is the activity concentration of radium in soil (Bq.kg
-1); ε  is the porosity 
of the soil. 
 
Equation (1.3) is true when the only transport mechanism is diffusion and when the 
water content is negligible [Spe05]. Considering a steady state in equation (1.3), 
0=∂
∂
t
C , then the equation becomes, 
 0
2
=+−∂
∂ SC
z
CD λ                                                 (1.5) 
Sun et al. [Sun04] also derived equation 1.5. Given the boundary conditions: 
0=surfaceC  and maxCCz =∞= , the solution for equation 1.5 is  
 
 )/exp()]/exp(1[)( max lzClzCzC surface −+−−=           (1.6) 
where   λ
SC =max  = deep soil radon concentration 
surfaceC  = radon on the surface of the soil (where z = 0)  
λ
eDl =  = radon diffusion length 
 
The diffusion length is the average distance traveled by radon atoms in a medium (soil 
in this study) and can also be considered to be an order of magnitude projected path 
length for radon atoms in the medium before they decay. Equation (1.6) was used for 
modeling radon profile measured in this study (see Chapter 4 for more details). 
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1.3 Literature survey: radon concentration in soil gas 
1.3.1 Overview of radon measurement techniques 
 
Soil-gas radon concentration in-situ measurements require detectors to be put in place 
and left for a sufficient length of time. A measurement can be continuous or discrete 
by carrying out so-called grab sampling. It can be passive when the radon 
concentration is measured under natural conditions, with radon entering the detection 
volume by mere diffusion; or active, involving a pumping of the gas into a detector. 
 
1.3.1.1 Passive detectors 
 
In the case of the direct measurement of the radiation, the detector sensor is usually 
placed inside a container that has an opening to let radon enter it. The container is 
meant to protect the detector and to make room around the detector for a sensitive 
volume large enough so as to have as many alpha particles produced and detected in 
as short time as possible. Since alpha particles from radon and its progeny have a 
range of the order of 5 cm in the air, it is indeed easily understood that a free space of 
this order in front of the detector will ensure maximum efficiency.  
 
The two isotopes of radon (222Rn and 220Rn) generally occur together, and the relative 
amount of the two isotopes varies according to the amounts of uranium and thorium 
present in the vicinity. Therefore, both radon isotopes would theoretically be detected 
unless some sort of discriminating mechanism can be applied [Ham80]. There are 
essentially two ways to solve the problem:  
? the first possibility involves preventing the thoron from entering the detecting 
device, and 
? the second is to discriminate between thoron and radon using the detector 
response once both isotopes have entered the detecting device. 
 
In the first case, thoron is kept off the detecting device by taking advantage of the 
difference between its half-life (55.6 s) and that of radon (3.83 d) and the fact that 
they have the same diffusion coefficient in a given medium, since they are isotopes. 
Accordingly, the basic idea is to put a diffusion barrier in their way in such a manner 
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that it takes too long for thoron to pass through it before decaying away, while radon 
can go through without appreciable loss. The simplest diffusion barrier is a column of 
air having a certain length [Sei82]. It has been shown that traveling 30 cm in the air 
by diffusion is enough for thoron to be reduced down to a negligible fraction of its 
initial amount. Thus, some set-ups consist of a 30 to 35 cm long pipe instead of a 
mere inverted cup. The bottom end of the pipe is open to the environment while the 
upper end is plugged by the detector or by detector holder, the detector being placed 
inside the pipe and always facing down.  
 
The second way to deal with radon and thoron by differentiating between them 
depends on the detecting sensor itself. The various detectors that can be used for 
radon concentration measurements are essentially solid-state nuclear track detectors, 
electret detectors, thermolumiscent phosphors, solid-state electronic detectors such as 
photodiodes or silicon surface-barrier detectors, and tiny electrometers and ion 
chambers. 
 
Solid State Nuclear Track Detectors 
 
Solid-state nuclear track detectors (SSNTDs) have been used for a long time for radon 
measurements. These detectors exhibit different sensitivities: some of them, in 
particular, are sensitive to alpha particles in the energy range of the particles emitted 
by radon. Mostly, these SSNTDs are cellulose esters, and polycarbonates like bis-
phenol-A polycarbonate and CR-39. At present, the most sensitive and also the most 
widely used plastic is the CR-39 polymer (a polyallyldiglycol). SSNTDs are largely 
insensitive to beta and gamma rays. In other words, beta and gamma rays do not 
produce etchable individual tracks because of their low energy transfer. SSNTDs also 
have the advantage of being unaffected by humidity, low temperatures, moderate 
heating and light. They present unique characteristics for long-term integrating 
measurements of radon gas for large-scale surveys. More than half of the devices one 
can find in the literature operate with SSNTDs [Dur97].  
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Figure 1-8: Schematic representation of the main processes involved in radon 
detection and evaluation by etch track detectors. 
 
Figure 1-8 shows the main process involved in radon detection using SSNTDs. Latent 
tracks are formed when the alpha particles from the decay of radon hit the surface of 
the detector. Latent tracks are then revealed by chemical or electrochemical etching in 
alkaline solution and analyzed by an optical microscope, electronic optical systems or 
non-microscopic track counting systems. For plastic (CR-39), the most frequently 
used etchant is an aqueous solution of NaOH (or KOH), with concentration ranging 
from a molarity of 1-12 (~6 M being the most popular).  The temperatures usually 
employed range from approximately 40 to 70 ˚C. The observed track density can be 
related to the radon concentration present when the film is exposed. 
 
1.3.1.2 Active detectors 
 
Most of the following techniques are not based on equipment in which the radon gas 
enters under natural drive. It is usually either pumped from the environment or 
extracted by means of a gas or liquid extractor. In addition, the active part for 
detecting radon, or its daughter products, is an electrical or electronic device in 
general. The various detectors that can be used for active measurements are 
scintillation (Lucas) cells, solid-state detectors, Ionization Chambers, etc. 
 
Scintillation (Lucas) Cell 
 
The scintillation cell is one of the earliest methods for measuring concentrations of 
radon in soil gas, which usually is utilized in grab-sampling mode. This cell has been 
known, historically, as a Lucas cell. In this technique, the radon gas sample is 
introduced into a counting cell with the inside wall of the cell coated with zinc sulfide 
(ZnS), except one end, which is covered with a transparent window for coupling to a 
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photomultiplier tube. When an alpha particle strikes the wall of the cell, a flash of 
light is emitted from the ZnS coating. The light is detected by the photomultiplier tube 
and translated to an electrical signal. The efficiency of the Lucas cells is typically 70 
to 80 %. Background rates in typical Lucas cells are low, about 0.1 or 0.2 counts per 
minute. 
 
1.3.1.3 Solid-state detectors 
 
Radon detectors using solid-state detectors such as the AlphaGUARD radon monitor 
(see Figure 1-9) use a chamber that allows for detection through alpha spectroscopy. 
The two common isotopes of radon (222Rn and 220Rn) can be identified through their 
respective energies from the alpha decays [Swa04]. In order to determine only the 
radon (222Rn) concentration, the chamber needs to be closed tightly after filling it with 
soil gas for about 10 minutes, the time needed for thoron to decay [Koz04]. The signal 
arising from the alpha detection is then filtered and converted to a digital output that 
can be readily processed with the AlphaGUARD or relayed to a PC via a RS-232 
cable. 
 
Figure 1-9: The schematic set-up of the AlphaGUARD detector and its accessories 
during the soil gas measurements [Koz04]. 
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1.3.2 Review of some previous measurements 
 
Radon measurements in soil were done in many parts of the world using different 
techniques (see section 1.3.1). This section is focusing on radon measurements in soil-
gas. 
 
Abumurad et al. [Abu01] performed radon measurements in the north and western 
part of Jordan. In the study, SSNTDs using CR-39 film were used for radon 
measurements. The CR-39 film was mounted on the inside bottom of cylindrical cups 
[Abu94]. Five holes, with different depths (20, 40, 60, 80, 100 cm) were dug at each 
site and they were 1 m (distance between adjacent holes) apart. Two dosimeters were 
put in each hole facing down. They were then left for about 2 weeks for radiation 
exposure and were removed for counting the density of alpha tracks using an optical 
microscope. 
 
 
 
Figure 1-10: Radon concentration gas at different depths for different sites and 
bedrocks. The abbreviated sites on the x-axis stand for: Asl (Amman Silicified 
Limestone), Ahp (Al-Hisa Phosphatic Limestone), Mcm (Muwaqqar Bituminous 
Chalk), Urc (Umm Rijam Chert Limestone), Wsc (Wadi Shallala Bituminous Chalky 
Marl) and Wg (Wadi UmmGhudran Chalk) [Abu01]. 
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Radon levels increase exponentially with depth in all studied areas (as indicated in 
Figure 1-10). The highest value recorded was 34 kBq/m3 at 100 cm at the Ahp site, 
corresponding to a 226Ra activity concentration of 111 Bq/kg. 
 
Kullab et al. [Kul05] conducted radon experiments in Al-Ruseifa and Amman, Jordan. 
SSNTDs (again using CR-39) were used to carry out the measurements in every 
season (summer, winter, spring and autumn). The CR-39 detectors were left for about 
2 months at a hole of 50 cm depth, protected by PVC tubes inserted in the cavities. 
Measurements were done at 10 sampling points and the distance between the points 
was 10 m.  
 
The average radon concentrations as measured in autumn, winter, spring, and summer 
were 10.9 ± 12.0, 2.53 ± 4.0, 9.7 ± 10.0 and 6.0 ± 7.7 kBq.m-3, respectively. Radon 
concentrations in Jordan (Amman and Al-Ruseifa) were low in winter compared to 
other seasons. This was explained to be due to high moisture in soil, as it was a rainy 
season. The highest radon concentration measured in autumn (dry season) was 37.8 
kBq.m-3.  
 
Mazur et al. [Maz99] performed radon measurements in Krakow soil, Poland. In the 
study, two detectors were used, namely; an AlphaGUARD PQ-2000 and CR-39 film. 
The film was installed within a steel container (diffusion chamber), which consisted 
of 4 holes that enabled radon to diffuse into the detector compartment (Figure 1-11).  
 
The diffusion chamber (together with the tubule and CR-39 detector) was screwed to 
a 1.1 m long aluminum pole and then installed in soil at a depth of 1 m to measure 
radon concentrations. The aluminum pole was deployed in soil for about 10 – 14 days. 
The above method was validated using an AlphaGUARD ionization chamber, which 
was connected to a soil-gas probe (inserted to a depth of 1 m). The exposure time of 
the AlphaGUARD was adjustable up to 2 hours. The pumping rate of the gas was 0.3-
litre min-1. The radon concentrations determined using the AlphaGUARD were higher 
compared to the ones measured by the CR-39 detectors in winter and after heavy rain. 
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Figure 1-11: The set up for measuring radon concentration in soil gas using a 
diffusion chamber [Maz99]. 
 
A study done by Iskandar et al. [Isk05] in Tateishi, Japan revealed different values of 
soil-gas radon concentration as measured in different seasons. A portable diaphragm 
pump was used to collect soil-gas into a plastic bag via stainless steel probes, which 
were permanently installed in a row at depths of 15, 30, 50, 80 and 120 cm with 
separations of 40 cm. The air was pumped at a rate of 1.5 litre min-1 and the sampling 
time was 20 s. The gas was later transferred into the scintillation cell, where radon 
and its daughter (218Po) reached secular equilibrium after 3.5 h and the portable 
radiation monitor was used to count alphas. Secular equilibrium is a situation in which 
the quantity of a radioactive isotope remains constant because its production rate is 
equal to its decay rate. Secular equilibrium can only occur in a radioactive decay 
chain if the half-life of the daughter (218Po) is much shorter than the half-life of the 
parent isotope (222Rn) [Wik06]. A GroWeather System was used to measure the 
meteorological parameters and the soil parameters were measured using different 
techniques. A number of 24 h soil-gas radon measurements were performed every 4 h 
at all depths. 
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Figure 1-12: Radon concentration in soil as the function of depth in winter [Isk05]. 
 
 
Figure 1-13: Radon concentration in soil as the function of time during other seasons 
[Isk05]. 
Figure 1-12 shows the decrease of radon concentrations in winter (rainy season) as the 
depth increases. The decrease of radon concentration was explained to be due to the 
water table, which decreases the diffusion since the radon gets trapped in water. In 
winter, the radon concentrations at a depth of 15 cm varied from 5 to 13 kBq.m-3 
whereas in other seasons they varied from 40 to 63 k Bq.m-3. The experimental results 
were compared with the calculation results based on a numerical model, using a 
horizontal advection in deep layers. The 24 h measurements showed high radon 
concentrations at night and low values as measured during the day (see Figure 1-13). 
The wind speed showed a negative correlation with radon concentrations. 
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Speelman et al. [Spe05] measured radon concentrations in gold mine tailings soil in 
Gauteng, South Africa. The schematic setup of the RAD7 detector (Durridge) with its 
components used during these measurements on the mine dump is shown in Figure 1-
14. The RAD7 detector with its accessories (probe, drying unit, pipes, filter and water 
trap) was used for radon measurements at depths of 25, 50, 75, 100 and 120 cm at two 
sampling points (M1 and M2). Soil parameters like porosity, emanation coefficient 
and soil density were measured in the laboratory using different techniques. 
 
 
 
Figure 1-14: Schematic of the RAD7 soil-gas setup [Spe05].  
 
The RAD7 detector can measure radon via different modes. A grab-sampling protocol 
was used for the soil-gas measurements. The RAD7 pumps the soil-gas for 5 minutes 
into the cell of the detector through a 1.3 m steel probe, and then waits for 5 minutes 
(for secular equilibrium). 218Po has a half-life of 3.05 min and it takes about 3-5 half-
lives for the 218Po activity to reach secular equilibrium with 222Rn, hence, in about 9-
15 minutes. The decays of the 218Po would then be counted after 10 minutes (5 
minutes of pumping plus 5 minutes of waiting), in which time 95 % of equilibrium 
would have been reached [Durr00]. In total, each set of readings includes four 5-
minute cycles that in total takes 30 minutes. (For more details on how the RAD7 
detector works, see section 2.3.1). 
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The measured radon concentrations were compared with the calculated radon 
concentrations using the solution to the one-dimensional diffusion equation (Eq. 1.6) 
(see Figure 1-15) and assuming differing radon diffusion lengths. The values at 
shallow depths (25-50 cm) appear to be lower than the predicted ones (using the 
model). Radon concentrations ranged from 8.1 to 405.8 kBq.m-3 and 11.6 to 271.4 
kBq.m-3 at the sampling points M1 and M2, respectively. 226Ra activity concentrations 
at M1 and M2 were 233 ± 6 and 252 ± 7 Bq.kg-1, respectively. 
 
 
 
Figure 1-15: Measured soil-gas radon concentrations as a function of depth in soil at 
sampling points (M1 and M2). The model-fit curves are also shown with different 
diffusion lengths [Spe05]. 
 
Baixeras et al. [Bai01] conducted the experiments in the Barcelona region (Spain). 
Soil samples of various types were collected and then dried before ex-situ radon 
measurements were made. Soil samples were then transferred into a plastic can (1 litre 
volume). The dimensions of the can minimized the thoron component and each can 
was filled with the soil material up to 60 % of the volume. Pieces of LR 115-II plastic 
film were attached inside the can’s lid and the can was closed. A plastic bag was used 
to contain the can, which was then closed for about 15 and 23 days. A part of each 
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sample was measured using gamma-ray spectrometry in order to find the content of 
238U and 232Th. The results showed a variation of radon concentration with type of soil 
(see Table 1-5). 
 
Table 1-5: Measured activity concentrations of 238U in canned soil samples and of the 
radon gas in the cans [Bai01]. 
Soil Sample Activity conc. (Bq/kg)-238U 222Rn conc. (Bq.m-3) 
A (stony clay) 41 1273 
B (stony clay) 45 788 
C (Clay, small stones) 72 1815 
D (Clay) 66 1711 
E (Clay) 61 1332 
F (Reddish clay) 82 3470 
 
 
The soil gas radon concentration was measured with SSNTDs (TypeIII-b film) at a 
depth of 70 cm from June to October 2000 in Tomsk (Russia) [Iak03]. Measurements 
were done at 10 stations that were 30 cm apart in the horizontal direction for the same 
type of soil. The film exposure time was 72 – 96 h. The average radon concentration 
in the soil pore air was 11 kBq.m-3 (1.7-24 kBq.m-3). Small-scale spatial variations in 
the concentration were found to lie within a narrower range. A significant correlation 
was found between the soil-gas radon concentration and air pressure (r = -0.86), 
atmospheric temperature (r = 0.75), and soil temperature (r = 0.75) (see Figure 1-16 
and 1-17). The r represents the correlation coefficient. The finding relating to air 
pressure is consistent with that of Hays [Hay94], who found that decreasing 
barometric pressure is seen to cause an increase of radon concentration in soil-gas. 
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Figure 1-16: The correlation of radon concentration with air pressure. Data taken 
from the study by [Iak03]. 
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Figure 1-17: The relationship between radon concentration in soil gas and air 
temperature. Data taken from the study by [Iak03]. 
 
Ruckerbauer et al. [Ruc01] used various methods to determine 222Rn concentration in 
soil-gas, at two sites with different soil types at a depth of about 1 m. The 
measurement methods included instantaneous (spot), continuous (real time) and time 
averaging procedures. The first site had porous soil with a high gravel content and the 
other site exhibited a largely impermeable clay soil. The methods used were:  
? active grab-sampling of soil-gas by different thin soil-gas probes (Stitz, GSF 
and Gammadata) via a drying tube and particle filter into evacuated 
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scintillation (Lucas) cells and subsequent determination of radon activity 
concentration, 
? active sampling by pumping soil-gas through continuously operated radon 
monitors (AlphaGUARD, RTM 2010, Markus-10) with ionization chamber or 
silicon detector and alpha analyzer, 
? exposure of etch track detectors mounted in small diffusion chambers and , 
? diffusion of soil-gas into continuously operated electronic soil probes with a 
silicon detector and alpha analyzer (Barasol, Algade and IRG, Tracerlab) (see 
Figure 1-18). 
 
 
 
Figure 1-18: Installation of the soil probes IRG (Tracerlab) and Barasol (Algade) 
together with two diffusion chambers containing etch track detectors within a PVC 
tube. The PVC tube is fixed in the soil and tightened with sealing foam [Ruc01]. 
 
In porous soil with high gravel content, radon concentrations obtained via different 
methods agreed within the error limits of the procedures. Generally, no significant 
differences between active and passive procedures were detectable in the porous soil. 
At the other site, the measured radon concentrations differed up to a factor of 2, 
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depending on the method. In this soil type passive method yielded radon 
concentrations that were lower than those determined from active methods. 
 
1.3.3 Measurements in the vicinity of geologic fault zones 
 
Radon’s properties have led to its use as a geophysical tracer for locating buried faults 
and geological structures, in exploring for uranium, and for predicting earthquakes 
[Tan80]. A geologic fault is a planar rock fracture where there is evidence of relative 
movement of the earth’s crust [Wik04]. Large faults within the earth’s crust are the 
result of shear motion and active fault zones are the sites of most earthquakes. The 
rocks are crushed during faulting process. Therefore, faulting is usually accompanied 
with certain changes in its geological characteristics, such as a large increase in 
porosity and permeability of the deformed rocks along the fault zones. As a result, 
radon gas can migrate upwards more easily through this porous and permeable 
medium [Kin80, Tan80, Bro67]. Anomalously high radon concentrations were 
measured along many active faults in the world. The short half-life of 222Rn limits its 
migration distance in subsoil unless lifted upward by a relatively fast-flowing carrier 
gas like CH4, CO2 and N2. Soil-gas radon concentrations at fault zones were found to 
be higher by a factor of 3-6 above the background values [Cha02]. 
 
Al-Tamimi et al. (Al-T01) carried out radon measurements in fault zones in north of 
Jordan. Square pieces of SSNTDs (CR-39 film) were mounted at the bottom of a 
cylindrical plastic can. A few holes were punched in each lid of the can which was 
then covered with thin (0.5 cm thick) pieces of sponge to filter out 220Rn. Five holes 
of 50 cm depth were dug at each selected site and arranged in a line perpendicular to 
the fault trace. The distance between the holes was about 10 m. The detectors were 
buried in soil for about 2 weeks. An optical microscope was used to count the density 
of alpha tracks. 
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Figure 1-19: Measured radon concentration values in soil gas along lines 
perpendicular to fault traces, at different sites [Al-T01]. 
The radon concentration profiles (see Figure 1-19) show a peaking over the respective 
faults. The radon concentration at the peak was found to be up to a factor of 10 higher 
than the background (concentration values at distances greater than 20 m from faults). 
  
Ioannides et al. [Ioa03] performed radon measurements in fault zones in the north and 
northwestern part of Greece. Measurements were done in summer at 5 sites, at a depth 
of 50 cm using SSNTDs (CR-39) detectors. The CR-39 detectors mounted at the 
bottom of a PVC pipe were buried in each hole for about 2 to 3 weeks. Eleven soil 
samples were also collected at a 50 cm depth for primordial radionuclides analysis. 
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Figure 1-20: Geological transect and radon profile across the Almopia fault in 
Greece [Ioa03]. 
In all measured locations, radon concentration increased as the fault zones was 
approached. The results for the 4760 m long Almopia traverse, which crosses four 
(A1, A2, A3 and A4) fault zones are shown in Figure 1-20. Radon concentrations at 
the peak ranged from 2 to 6 times the background (~2 kBq.m-3). 
 
Moussa et al. [Mou03] performed radon measurements along the Qena-Safaga fault, 
Egypt. An AlphaGUARD PQ 2000 device was used for the detection of fracture 
zones at the two sites. Each measurement took 10 minutes. Radon was measured at 
points of equal spacing and the interval between stations was 100 m, yielding a total 
of 700 measured stations. A partial repeat survey was also carried out along three 
profiles, crossing a freshly broken segment of the Qena-Safaga fault during three 
seasons (May 2001-spring, June 2002-summer and November 2001-winter). 
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Figure 1-21: (a) Soil-gas radon concentration versus distance along a survey profile 
(AA’) crossing the Qena-Safaga fault in Egypt, observed on 7 May 2001; (b) observed 
on 1 November 2001 and (c) observed on 12 June 2002 [Mou03]. 
 
Figure 1-21 shows anomalies along the fault zone as measured in different seasons. 
Radon concentrations measured in May and November 2001 were consistent. The 
highest concentration recorded value was during the dry season (June 2002). 
 
A portable radon meter was used to measure soil-air radon concentration across 
several faults in San Juan Bautista, Hollister and San Andreas in California [Kin96]. 
A gas-sampling probe was pushed or hammered into the ground to a depth of 32 cm. 
The probe was connected with a pump to suck out a 1.5-litre sample of soil gas. A 
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metal plate, which had been placed in the pump, was then charged with a negative 
high voltage of 2.8 kV for 2 min to collect the positively charged 218Po particles 
produced by the decaying radon in the sample. The plate was then promptly 
transferred (within 15 s) to a battery powered counting chamber where the alpha 
particles generated by the collected 218Po, which has a short half-life of 3.05 min, 
were counted for two minutes. The particle count was used as a measure of the radon 
concentration. Measurements were done at points of equal spacing along a line 
perpendicular to the fault zones. 
 
 
Figure 1-22: Soil-gas radon concentrations versus distance along a survey line 
crossing the San Andreas Fault at Nyland Ranch in San Juan Bautista, observed on 
16 July 1992. The fault is located at the origin; the 3 horizontal lines indicate average 
background values [Kin96].   
 
The results confirm the existence of fault-associated radon anomalies. Across two 
creeping faults in San Juan Bautista and Hollister, the radon anomalies showed 
prominent double peaks straddling the fault zone during the dry summer (see Figure 
1-22). The two peak values were 5 times higher than the background values. A partial 
repeat survey was carried out at Nyland in a rainy season (winter), in January 1994. 
As shown in Figure 1-23, the values were found to be reduced by a factor of two to a 
level which was still higher than the few background values measured at the six points 
relatively far away from the fault on both sides. 
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Figure 1-23: Soil-gas radon concentrations versus distance along a survey line 
crossing the creeping San Andreas Fault at Nyland Ranch in San Juan Bautista, 
observed on 20 January 1994. This time the background values were not measured 
[Kin96]. 
 
1.4 Motivation for this study 
 
As discussed above anomalously high soil-gas radon concentrations have been 
measured across many fault zones in the world. In South Africa, and in particular the 
Western Cape province (see Figure 2-3, Chapter 2) there are also geologic fault zones. 
However no soil-gas radon concentration measurements have as yet been reported in 
the literature for these fault zones. This study, which serves as a precursor to an 
envisaged first campaign of such measurements in South Africa, was used to gain 
experience in soil-gas radon measurements and the systematic effects that influence 
the readings. 
 
1.5 Aims and objectives of this study 
 
The measurements described below were made with a RAD7 (Durridge) radon 
monitor, in an area where there is no fault zone closer than 10 km. The main aim of 
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this study was to assess the influence of the following factors on soil-gas radon 
results: 
? soil parameters such as 226Ra activity concentration, radon emanation 
coefficient, porosity, moisture content, and radon diffusion length; 
? the RAD7 measurement technique and possible systematic errors; 
? meteorological parameters (air pressure, temperature, humidity and wind 
speed); 
? seasonal effects; and day-night variations. 
 
Furthermore we wanted to study the variation of soil-gas radon concentration with 
depth in the soil and then assess how well the one-dimensional diffusion model 
(equation 1.6) can reproduce the measured data. 
 
1.6 Dissertation outline 
 
The experimental work, which includes in-situ and ex-situ measurements, is discussed 
in Chapter 2. The data analysis is discussed in Chapter 3. The results obtained from 
analysis are presented and discussed in Chapter 4.  A conclusion of this study is given 
in Chapter 5. 
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CHAPTER 2 EXPERIMENTAL WORK 
 
In this chapter experimental aspects of this study are discussed. The measurement site, 
zones and points; soil-gas radon measurements (using alpha spectrometry); soil 
sampling and measurement of soil primordial activity concentrations (in the field and 
in the laboratory) are described. 
 
2.1 Description of selected site 
 
In selecting the site for soil-gas radon concentration measurements, the following 
criteria were considered:  
? the selected site had to be located far (> 10 km) from any known geologic 
fault zones, 
? the site had to be easily accessible throughout the year, 
? access to the site had to be controlled in order to avoid disturbance of the (in-
field) experimental set-ups, and  
? on-site disturbance of soil had to be kept to a minimum. 
 
In view of the above criteria it was decided to perform the soil-gas measurements on 
the iThemba Laboratory for Accelerator-Based Sciences (LABS) site, located in 
Faure, Western Cape province (South Africa), about 30 km away from Cape Town 
(see Figure 2-1 and 2-2). The LABS is a national facility of the National Research 
Foundation. Research at iThemba LABS is primarily focused on the use of particle 
accelerators in order to treat cancer patients (neutron and proton therapy); produce 
radionuclides for use locally and internationally; characterization of materials; and the 
study of nuclear reaction mechanisms and structure. 
 
As can be seen in a geological map of the Western Cape (see Figure 2-3), iThemba 
LABS (Figure 2-4) is located > 10 km from any known fault zone. Furthermore 
access to the LABS site is controlled 24 hours per day, every day of the year. 
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Figure 2-1: Map of Western Cape showing the location of iThemba LABS [www02] 
 
 
 
 
Figure 2-2: Direction to iThemba LABS and its location [www03]. 
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Figure 2-3: A geological map of the Western Cape [Roz95].  
 
 
 
Figure 2-4: Aerial view of the iThemba LABS site. Zones A and B where soil-gas 
radon concentration measurements were made in this study are indicated. 
iThemba 
LABS 
Zone A 
Zone B 
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2.2 Selected measurement zones and points 
 
Two measurement zones were selected at the site. The first measurement zone was 
selected in the paddock area, and it was designated as zone A (see Figure 2-5 and 2-6 
(a)). The second measurement zone was selected along the fence next to Material 
Research Group (MRG) block, and it was designated as zone B (see Figure 2-5 and 2-
6 (b)). The map is also showing the two measurement zones (A and B). The distance 
between zone A and B was ~300 m. 
 
 
 
Figure 2-5: Schematic representation of iThemba LABS site showing zones A and B. 
 
 
 
A
B
MRG 
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 (a)                                                                 (b) 
Figure 2-6: Photographs of (a) zone A and (b) zone B. Also see Figure 2-5. 
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Figure 2-7: A MEDUSA detector count-rate (counts per second) map of iThemba 
LABS site. The zones (A and B) where measurements for this study were made are 
shown. 
 
In choosing the measurement zones, the following aspects were considered: 
? distance from building/roads: these distances were chosen in order to 
minimize the influence of these structures on soil-gas radon concentration 
measurements. A further reason for selecting zone A was the need to make 
radon concentration measurements over 24 hr periods. The visitors’ apartment 
located in J. block, which is in walking distance from zone A, provided shelter 
for researchers in between measurements, 
A 
B 
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? measurement in winter: low-lying areas were avoided when choosing the 
measurement zones and sampling points, especially for winter (rainy season) 
soil-gas radon measurements. Low-lying areas and valleys can transform into 
small pools as a result of rain. It would have been difficult to do soil-gas radon 
measurements in waterlogged areas, 
? proximity to trees and vegetation: care was taken not to make measurements 
close to trees or excessive vegetation in order to avoid influence of their roots 
on soil-gas radon concentrations. The root network can, for example, provide a 
preferential pathway for the migration of radon to the atmosphere. Thick roots 
would have also made it difficult to insert the steel soil probe (used in 
conjunction with the RAD7 monitor) in the soil (see section 2.3.1 and Figure 
2-10), and  
? variation in 226Ra activity concentration: in 2005 the iThemba LABS site was 
surveyed using a MEDUSA mobile gamma-ray spectrometry system (see 
section 2.4 for more details). The main purpose of the survey was to map 
anthropogenic radionuclide activity concentrations on the site. As a by-product 
of the survey maps of primordial activity concentration on site could also be 
generated. A MEDUSA detector count-rate map for the iThemba LABS site is 
shown in Figure 2-7 [Hla07]. From the study the average activity 
concentration of 226Ra (assumed equal to the 238U activity concentration) in 
zone A and B were found to be 8 and 16 Bq.kg-1, respectively.  
 
In zone A, 3 co-linear sampling point clusters were selected and designated as A1, A2 
and A3. A cluster represents a number of points where soil-gas concentration 
measurements were made within a radius of less than 1.0 m from the cluster centre. 
The distance between A1 and A2 was 9.5 m, while the distance between A3 and A1 
was 10 m. In zone B, 2 sampling point clusters were selected and designated as B1 
and B2. The distance between the clusters was 9 m. The co-ordinates (latitude and 
longitude) for all sampling point clusters are given in Table 2-1 (see section 2.3.2 for 
how co-ordinates were measured). Schematic representation of measurement points 
and clusters are shown in Figure 2-8 to 2-9. 
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Table 2-1: The radon measurement locations, sampling point clusters and the 
corresponding coordinates. 
Location Sampling points Latitude (South) Longitude (East) 
Zone A A1 34°01.4254′ 018°43.0693′ 
Zone A A2 34°01.4287′ 018°43.0676′ 
Zone A A3 34°01.4179′ 018°43.0682′ 
Zone B B1 34°01.4997′ 018°43.4070′ 
Zone B B2 34°01.5044′ 018°43.4080′ 
 
 
 
 
Figure 2-8: Schematic top-view representation of spatial relationship between 
sampling point clusters in zone A (not drawn to scale). A circle represents each 
cluster. 
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Figure 2-9: Schematic top-view representation of spatial relationship between 
sampling point clusters in zone B (not drawn to scale). A circle represents each 
cluster. 
 
2.3 Radon measurements 
2.3.1 RAD7 measurement technique 
 
In this study, a RAD7 (Durridge) was used to carry out soil-gas radon concentration 
measurements. Speelman et al. [Spe05] used the same technique. A photograph of the 
RAD7 detector used is shown in Figure 2-10. 
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Figure 2-10: The Durridge RAD7 electronic radon monitor with a HP printer 
mounted for printing of results. 
 
The RAD7 uses a solid-state alpha detector to detect the alpha particles from 222Rn 
decay. A solid-state detector is a semiconductor material that converts radiation 
energy directly to an electrical signal. The RAD7’s internal sample cell is a 0.7 litre 
hemisphere, coated on the inside with an electrical conductor. The silicon alpha 
detector is at the centre of the hemisphere. A high voltage power circuit charges the 
inside conductor to a potential of 2000 to 2500 volts, relative to the detector, creating 
an electric field throughout the volume of the cell [Durr00]. The electric field propels 
positively charged particles onto the detector. 
 
A 222Rn nucleus that decays within the cell leaves its transformed nucleus, polonium 
(218Po), as a positively charged ion. The electric field within the cell drives this 
positively charged ion to the detector, to which it sticks. When the short-lived 218Po 
nucleus decays upon the detector active surface, its alpha particle has a 50 % 
probability of entering the detector and producing an electrical signal proportional in 
strength to the energy of the alpha particle. 
 
The RAD7 amplifies, filters, and sorts the signals according to their strength. In sniff 
mode, the RAD7 uses only the 218Po signal to determine 222Rn concentration and the 
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216Po signal to determine thoron concentration, ignoring the subsequent and longer-
lived radon daughters. In the measurements described below thoron was not 
considered, since the study focused on measuring 222Rn concentrations. The RAD7 
achieves a fast response to changes in 222Rn concentration, and a fast recovery from 
high concentrations [Durr00]. The technical specifications of the RAD7 are given in 
Table 2-2. 
 
To begin measurements using the RAD7 detector, the detector needs to be purged 
first. Purging is the process whereby the moisture and the old radon in the chamber of 
the detector are removed. This is done by a pump in the detector, which pumps fresh 
air into the chamber through a drying unit. The drying unit is 6 cm in diameter and 28 
cm in length (see Figure 2-12) [Lee06]. The drying unit consists of granules and the 
purpose of the granules is to absorb moisture, since the detection efficiency of the 
RAD7 decreases as humidity increases due to the neutralization of polonium ions by 
water particles. An air filter at the entrance of the RAD7 prevents dust particles and 
the solid daughters of 222Rn from entering the radon chamber, which will contaminate 
the alpha detector. The air in the chamber will pass through to the outlet. The purging 
of the instrument takes 5 to 10 minutes depending on the initial relative humidity in 
the chamber [Durr00]. The relative humidity in the chamber must be at least 7% or 
less before use. Normally 10 minutes of purging the instrument was necessary before 
the start of measurements. 
 
A RAD7 spectrum covers alpha energies from 0 to 10 MeV. Radon and thoron 
daughters that produce alpha particles in the range of 6 to 9 MeV are of particular 
interest. These daughters emit alpha particles of characteristic energy directly into the 
solid-state detector, when deposited on the surface of the detector. As a result, an 
electrical signal is produced from the detector. This signal is amplified and 
conditioned to digital form. The microprocessor in the RAD7 picks up the signal and 
stores it in its memory according to the energy of the particle. The accumulation of 
many signals results sorted according to their heights in a spectrum [Durr00]. 
 
The RAD7 groups the spectrum into a series of 200 individual channels, each 
representing 0.05 MeV. A typical RAD7 spectrum is shown in Figure 2-11. The 
analysis of the spectrum is simplified because the electronics of the RAD7 is 
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manufactured to group the 200 energy channels into 8 windows. (These windows are 
labeled A-H). Window A covers the energy range of 5.40 to 6.40 MeV, which 
includes the 6.00 MeV alpha particles from 218Po decay. To convert raw spectral data 
to a radon concentration value, all the counts in each window must be summed and 
divided by the detector lifetime during data collection. This is all stored in the 
memory of the detector. 
 
A spectrum is printed by the RAD7 after every radon measurement that includes 
windows A-D (see Figure 2-11). Windows E-H make up the composite window O. 
Window O is the sum of all the counts arising from energy ranges of windows E-H. 
The different windows contain: 
? window A: Total counts from 218Po decay (6.00 MeV), 
? window B: Total counts from 216Po decay (6.78 MeV), 
? window C: Total counts from 214Po decay (7.69 MeV), and 
? window D: Total counts from 212Po decay (8.78 MeV). 
Window A is used to derive the radon concentration, while windows B and D account 
for the Thoron, which was off in this study (see Table 2-3). The counts from window 
O are due to the noise in the system.  
 
 
 
Figure 2-11: A typical high-resolution alpha energy spectrum [Spe05]. 
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Table 2-2: The technical specifications of the Durridge RAD7 detector [Dur00]. 
Feature Specification 
Multi-modes Continuous radon gas monitor. 
Long term/short term screener. 
Sniffer, to reach for radon and thoron. 
Grab mode protocols for radon in air and water. 
Multi-measurements Measures radon in air, soil, and water (with RAD 
H2O and RAD AQUA accessories). 
Nominal sensitivity Monitor: 0.5 counts/min/pCi/l. 
Sniffer: 0.25 counts/min/pCi/l. 
Radon range 0.1-10,000 pCi/l (4-400,000 Bq.m-3). 
Memory 1,000 radon concentrations and associated data 
can be read out on LCD or printed out on HP 
printer. 
Principle of operation Electrostatic collection of alpha emitters with 
spectral analysis. 
Built-in-air pump Nominal 1 litre/min flow rate. Inlet air filter. Inlet 
and outlet air connectors. 
Spectrum printout High-precision alpha-energy spectrum identifies 
isotopes in radon and thoron decay chains. 
Shows proper operation of RAD7 and enables 
superior RAD7 functionality. 
Fast low level readings 95 % response time less than 1 hour, for a sudden 
increase, or decrease, in radon concentration. 
Recovery in minutes Recovers from high radon exposure with a 3.05-
minute half-life: to less than 10 % of peak value 
in 12 minutes. Drops from 20,000 to 1 pCi/l in 1 
hour. 
Auto mode This setting starts a test run in sniff mode, and 
then switches to normal mode after the first 3 
hours. 
Computer LCD display 2 line X 16 character, alpha-numeric, easy-to-read 
display. 
Audible radon count Indicates presence and intensity of radon and 
thoron. 
Power Ac or battery powered-5 AH 6V batteries. 
Printer Hewlett-Packard Model HP 82240B. 
RS-232 port Computer or modem hookup. 
Operating range Temperature: 0˚C-40˚C (30˚F-105˚F). 
Humidity: 0-100 %, non-condensing. 
Weight/size 11 pounds (5 kg) complete-9.5X7.5X10.5. 
Case Material High-density polyethylene. 
Tamper resistant A test lock command is programmed into the 
machine to secure RAD7 against all kinds of 
intentional or unintentional.  
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For soil-gas measurements the RAD7 detector is used in conjunction with a stainless 
steel soil probe, water-trap, filter, dessicant column and plastic pipes (see Figure 2-
12). The soil probe (see Figure 2-13) is hammered into the soil to the derived depth. 
The pump in the detector pumps gas into the chamber through small holes at the end 
of the probe. The flow rate of the gas is about 1 litre min-1. Any water entering the 
probe from the soil is retained in a water-trap. Soil-gas passing through the trap enters 
the dessicant column, which removes moisture from the gas before it enters the RAD7 
measurement chamber through an inlet filter. The filter prevents any of the solid 
radon daughters from entering the RAD7 measurement chamber. 
 
 
 
Figure 2-12: The RAD7 detector with its accessories (drying unit, water trap, pipes, 
inlet filter and probe)  
 
The RAD7 protocol used for the measurements is summarized in Table 2-3. 
According to this protocol a grab-sample of soil-gas is pumped into the RAD7 over a 
5 minute period. The system then waits for 5 minutes for 222Rn to reach equilibrium 
with its daughters, after which counting begins. The gas collected was measured 4 
times, with each measurement taking 5 minutes. In sniff mode, the RAD7 responds 
rapidly to fluctuating radon levels by using only the 218Po peak (window A) in 
calculating concentrations.  
 
Each radon concentration quoted represents the mean concentration determined from 
the results of the four separate measurements as defined in RAD7 protocol used. 
 
 
Drying unit
Water trap Pipes 
Probe 
Handle 
HP printer 
RAD7 detector        Filter 
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Table 2-3: The RAD7 protocol used for measuring radon concentrations in soil-gas in 
this study. 
Protocol Cycle Recycle Mode Thoron Pump 
Grab 00.05 04 Sniff Off Auto 
 
 
 
 
Figure 2-13: The photograph of the RAD7 soil probe (~1.3 m) marked with orange 
stickers. 
 
2.3.2 General methodology 
 
A graduated tape was used to mark off the desired lengths (25, 50, 75 and 100 cm) 
along the RAD7 soil probe (see Figure 2-13). Before the probe was inserted into the 
soil a thin steel rod was inserted into the probe in order to prevent soil from entering 
the small holes at the tip of the probe. The holes are there to allow radon to migrate 
into the probe from the surrounding soil. The soil probe was driven into the soil at the 
selected point using a 10-pound hammer and a piece of timber to cushion the impact 
on the probe handle. 
 
Care was taken not to insert the probe into a hole made during a previous 
measurement. Wooden or steel pegs were used to mark the location where a 
measurement was made. A Garmin 76 GPS signal receiver was used to record the 
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coordinates of measurements points, while a Kestrel 4000 pocket-sized weather 
station was used to record important meteorological data at the start of each radon 
measurement (see Figure 2-14). The spatial resolution achieved with the Garmin 76 
ranged between 3 and 5 m. 
 
 
(a) 
 
 
 
(b) 
 
Figure 2-14: Photographs of (a) Garmin GPS and (b) Kestrel 4000 weather station. 
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After each radon measurement, the results were printed on the RAD7 printer and the 
print-out was pasted into the experiment logbook. Weather forecasts provided by the 
South African Weather Service were used to plan measurement days. No radon 
measurements were made when it was raining.  
 
Three types of measurement were made. Type I measurements involved the 
measurement of soil-gas radon concentrations as a function of depth (25, 50, 75 and 
100 cm) in order to generate a radon depth profile. Some type I measurements could 
not be made at all depths due, for example, the presence of a high water table. These 
measurements are termed type Ia measurements. Measurements made at a specific 
depth are termed type II measurements. In order to assess the day-night variation in 
radon concentration type II measurement were made at a depth of 25 and 50 cm at the 
same location. During each of these measurements, the radon concentration was 
measured periodically (every hour during the day and every 4 hours overnight). 
2.3.3 Measurement campaigns 
 
The measurements were made in zones A and B during May (in autumn, just after the 
dry season), August (in winter, during the rainy season) and October (in spring, just 
after the rainy season) of 2006. The measurement points used in zone A are shown in 
Figure 2-15 to 2-17, while the points sampled in zone B are shown in Figure 2-18 to 
2-19. Photographs of the measurement set up at some points are shown in Figure 2-
20. Further details on the measurements made are given in Table 2-4 (zone A) and 
Table 2-5 (zone B). 
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Figure 2-15: Schematic top-view representations of spatial relationship between 
measurement points at cluster A1 (not drawn to scale). Point A1a was sampled during 
May 2006 campaign, while the rest were sampled during August/October campaign. 
Point A1 was used for MEDUSA stationary measurements. A depth profile was done 
at point A1. 
 
 
 
Figure 2-16: Schematic top-view representations of spatial relationship between 
measurement points at cluster A2 (not drawn to scale). Point A2a and A2b were 
sampled during May 2006 campaign, while the rest were sampled during August 
campaign. Point A2 was used for MEDUSA stationary measurements.  
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Figure 2-17: Schematic top-view representations of spatial relationship between 
measurement points at cluster A3 (not drawn to scale). Point A3a and A3b were 
sampled during May 2006 campaign, while the rest were sampled during August 
campaign. Point A3 was used for MEDUSA stationary measurements. Soil sample 
was collected at depth of 0-15 cm from point A3. 
 
 
 
 
Figure 2-18:  Schematic top-view representation of spatial relationship between 
measurement points at clusters B1 (not drawn to scale). Point B1a was sampled 
during May campaign, while B1b was sampled during August campaign. Point B1 
was used for MEADUSA stationary measurements. A depth profile was done at point 
B1. 
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Figure 2-19: Schematic top-view representation of spatial relationship between 
measurement points at clusters B2 (not drawn to scale). Point B2 was sampled during 
May 2006 campaign, while B2a was sampled during the August campaign. Point B2 
was used for MEDUSA stationary measurements. A depth profile was done at point 
B2. 
 
 
                                (a) (b) 
 
 
                               (c) (d) 
 
Figure 2-20: Photographs showing the RAD7 set-up at some of the measurement 
points (a) A2a (zone A)-May 2006, (b) B2 (zone A)-May 2006, (c) A1c (zone A)-
October 2006 and (d) A1g (zone A)-October 2006. 
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Table 2-4: Information on radon measurements made in zone A. The results from these tabulated measurements are given in Annexure 
A. 
Number Date Measurement 
type 
Point 
cluster 
Point Measurement 
time 
Depth (cm) Notes 
A01 08/05/06 Ia A2 A2a 10:12 – 12:55 25, 50, 75 At 75 cm depth, the soil probe was filled 
with soil so we moved to A2b. 
A02 08/05/06 Ia A2 A2b 13:44 – 15:05 50, 75, 100 Radon measurements were started at 50 
cm depth after we stopped at 75 cm 
depth at A2a. 
A03 09/05/06 I A1 A1a 10:46 – 15:20 25, 50, 75, 100 
A04 09/05/06 I A3 A3a 14:50 – 17:18 25, 50, 75, 100 
 
A05 11-12/05/06 II A3 A3b 10:05 – 10:33 25 24 hr measurement. 
A06 12-13/05/06 II A3 A3b 11:31 – 10:30 50 24 hr measurement. 
A07 01/08/06 Ia A2 A2c 10:53 – 12:10 25, 50 Water was pumped at 50 cm depth. 
A08 01/08/06 Ia A3 A3c 13:30 – 14:41 25, 50 Water was pumped at 50 cm, depth. 
A09 03/08/06 Ia A1 A1b 10:55 – 11:25 25 Water was pumped at 25 cm depth. 
A10 03/08/06 Ia A2 A2d 10:05 – 10:35 25  
A11 03/08/06 Ia A3 A3d 11:37 – 12:02 25 Water was pumped at 25 cm depth. 
A012 02/10/06 Ia A1 A1c 10:59 – 17:47 10, 15, 20, 25, 30, 
35, 40, 45, 50, 75 
Water was pumped at 75 cm depth. 
A13 05/10/06 Ia A1 A1d 10:00 – 12:20 10, 15, 20, 25 Soil probe was filled with soil at 25 cm 
depth, so we moved to A1e. 
A14 05/10/06 Ia A1 A1e 12:34 – 13:42 25, 30 222Rn measurements were started at 25 
cm depth after we stopped at 25 cm 
depth at A1d. 
A15 06/10/06 Ia A1 A1f 10:09 – 14:41 15, 25, 50 222Rn measurements were made with 
and without mat at all depths. 
A16 06/10/06 Ia A1 A1g 14:59 – 16:07 25 222Rn measurements were made with 
and without mat at 25 cm depth. 
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Table 2-5: Information on radon measurements made in zone B. The results from these tabulated measurements are given in Annexure 
B. 
Number Date Measurement 
type 
Point 
cluster 
Point Measurement 
time 
Depths (cm) Notes 
B01 10/05/06 I B1 B1a 09:52 – 12:30 25, 50, 75, 100 
B02 10/05/06 I B2 B2 12:56 – 15:30 25, 50, 75, 100 
 
B03 02/08/06 Ia B3 B1b 09:41 – 11:00 25, 50 222Rn measurements were made after 
heavy rain, so the zone was muddy. 
B04 02/08/06 Ia B4 B2a 12:00 – 12:30 25 222Rn measurements were made after 
heavy rain, so the zone was muddy. 
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2.4 In-situ gamma-ray of selected zones and points 
 
In-situ measurements were made with a detector system called MEDUSA, which is an 
acronym for Multi-Element Detector for Underwater Sediment Activity [Mod04]. 
The MEDUSA detector is made up of the following components: pressure sensor, 
CsI(Na) crystal, photomultiplier tube (PMT), Cockroft Walton high voltage generator 
(HVG), spectroscopic amplifier (Amp), temperature sensor (AD590) and telemetry 
board and microphone (see Figure 2-21). 
 
 
Figure 2-21: A schematic diagram of a MEDUSA detector. 
 
All these components are encased in an aluminum tube (see Figure 2-22). A 
photograph of the MEDUSA detector is shown in Figure 2-22. The Cesium Iodide 
doped with sodium (CsI(Na)) scintillation crystal has been used because of its high 
detection efficiency. The crystal has a length of 15 cm and a diameter of 7 cm. The 
MEDUSA detector can only detect gamma-rays associated with the decay of 
primordial radionuclides up to a depth of 30 cm below the surface. This limitation is 
due to self-absorption of the gamma rays within the soil [New04]. The scintillator 
crystal scintillates when these gamma rays interact with it. 
 
The PMT has a photosensitive material that emits photoelectrons when light strikes it, 
from the CsI(Na) crystal [Kno88]. The PMT is used to accelerate and multiply these 
photoelectrons into a voltage pulse. A spectroscopy amplifier is used to amplify and 
shape the pulses. In the telemetry board the signals are digitized along with other 
pulses from the sensors (pressure and temperature (AD590)).  
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Figure 2-22: Photograph of the MEDUSA detector. 
 
2.4.1 MEDUSA detector set-up 
 
The MEDUSA system comprised the following during the survey on two zones: 
Aladin interface box, Laptop computer with computer programs designed specifically 
for MEDUSA type data and Global Positioning System (GPS) signal receiver for 
computing position in a form of coordinates (see Figure 2-23). Signals from the 
telemetry board are transmitted to the Aladin Interface box, which is controlled from 
the Laptop by means of a computer program called MEDUSA Data Logger (MDL) 
(see Chapter 3 for more details). Aladin Interface box is used to send power and 
detector settings to the detector. In the computer, the signals are formed into gamma-
ray spectra and when analyzed using Full Spectrum Analysis (FSA) method, activity 
concentrations can be obtained [Hen01]. FSA involves fitting standard spectra and a 
background spectrum to the measured spectrum by means of chi-square minimization 
procedure. More details on the FSA procedure are in Chapter 3. 
 
Figure 2-24 shows the MEDUSA detector mounted on two brackets in front of a 4x4 
vehicle during the measurements. In this case, the Aladin Interface box, battery (used 
to power Alladin and a Laptop) and a laptop were at the back of a 4x4 vehicle. A 
power inverter was then used to provide power for the Aladin box and laptop 
computer. The aerial of the GPS receiver was placed directly above the detector on 
the rack as can be seen in Figure 2-24.   
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Figure 2-23: Schematic representation of the MEDUSA detector component and their 
inter-relationship. 
 
 
Figure 2-24: The MEDUSA detector mounted in front of the 4x4 vehicle with the GPS 
antenna. 
 
2.4.2 Field measurements 
 
The MEDUSA survey was done in both zones (A and B). Two types of MEDUSA 
measurements were made, namely: 
? Stationary measurements; and  
? Measurements taken while moving 
 
 The MEDUSA stationary measurements were done at 5 chosen sampling points: A1, 
A2 and A3 (zone A), B1 and B2 (zone B). Figure 2-25 (a) shows a photograph of the 
MEDUSA detector at A3 during a measurement. Further data on the stationary 
measurements are given in Table 2-6. 
Antenna 
MEDUSA 
detector 
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A soil sample was collected at A3 (see Figure 2-25 (b)). The soil was dug around A3 
using a radius of 50 cm. The spade, hand spade and a hoe were used to dig the soil up 
to a depth of 15 cm from the surface. The soil was turned up and down for better 
mixing. Mixing of soil was done to make sure the area around the spot was fully 
represented. After mixing the soil thoroughly, the plastic bag was used to collect the 
soil sample. The collected soil sample was then taken to the Environmental 
Radioactivity Laboratory (ERL) for ex-situ radiometric analysis (see Table 2-9, 
section 2.5.4 for details). The measurements taken while moving were accomplished 
by driving over each zone in a zig-zag pattern with the 4x4 vehicle. The vehicle speed 
was less than 10 km/h. These measurements were made on April 25, 2006.  
 
 
                             (a)                                                                  (b) 
Figure 2-25: (a) The MEDUSA detector at sampling point A3 in zone A, and (b) A3 
during sampling. 
 
Table 2-6: Data on  MEDUSA stationary measurements. 
Location Date Point 
clusters 
Measurement 
time (min) 
Count rate per 
second (cps) 
Start 
time (h) 
Zone A 25/04/06 A1 10 113.1 ± 7.8 11:19 
Zone A 25/04/06 A2 10 105.5 ± 9.3 11:44 
Zone A 25/04/06 A3 20 107.1 ± 10.6 11:59 
Zone B 25/04/06 B1 10 104.8 ± 12.4 12:56 
Zone B 25/04/06 B2 10 108.9 ± 11.7 13:10 
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2.5 Ex-situ measurements of soil primordial activity 
concentrations 
 
As discussed in chapter 1, soil-gas radon concentrations depend, amongst others, on 
226Ra activity concentrations in soil. In this section the collection of soil samples and 
the measurement of their primordial radionuclide contents using a laboratory-based 
(ex-situ) high-purity germanium detector system are discussed. 
 
2.5.1 Sample collection 
 
A soil sample was collected (see Figure 2-25 (b), section 2.4.2) at point A3 after a 
stationary MEDUSA measurement was made. The sample was collected directly 
beneath the MEDUSA detector for use in calibrating the MEDUSA detector system 
(see section 2.4.2 and Annexure D).  
 
In order to study the variation of 226Ra activity concentration with depth in the soil, 
samples were collected from two depths (0-25 cm, and 25-50 cm) at a sampling point 
in zone A (see Figure 2-26) and B (see Figure 2-27 and 2-28). 
 
Zone A 
 
In this zone, the sampling point A1 was selected and was characterized by short grass. 
Before starting with the sampling the grass was removed up to a depth of 
approximately 3 cm using a spade. Two soil samples were collected at depths of 0-25 
cm and 25-50 cm (the depths were measured by the tape measure) and placed in 
plastic bags.  
 
The soil at depths of 0-25 cm and 25-50 cm was sandy, yellowish, and consisted of 
small stones. A hand spade was used to collect the soil sample from depth of 0-25 cm 
and 25-50 cm (see Figure 2-26). The plastic bags were used to collect the soil samples 
from each depth and they were later labeled with ERL codes (see Table 2-7). 
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Figure 2-26: Sampling point A1 in zone A during the collection of soil sample. 
 
Zone B 
 
In this zone, the sampling points B1 and B2 were selected. Similarly the grass was 
removed up to a depth of approximately 3 cm prior to sampling. Two samples were 
collected from each sampling point and four samples were collected in total. Again 
samples were collected at depths of 0-25 cm and 25- 50 cm for both sampling points 
(B1 and B2) (see Figure 2-27 and 2-28). At a depth of 0-25 cm, the soil was brownish 
and yellowish, and clayish at 25-50 cm depth.  
 
 
 
Figure 2-27: Sampling point B1 in zone B during the collection of soil sample. 
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Figure 2-28: Sampling point B2 in zone B during the collection of soil samples. 
 
Table 2-7: Data related to soil sampling. All samples were collected on August 31, 
2006 with an exception of one sample, indicated by a * was collected on April 25, 
2006. 
Locations Point clusters Sampling depth (cm) ERL code 
Zone A A1 0-25 S06-itl-inh-ts-0052 
Zone A A1 25-50 S06-itl-inh-ts-0053 
Zone A *A3 0-15 S06-itl-inh-ts-0034 
Zone B B1 0-25 S06-itl-inh-ts-0054 
Zone B B1 25-50 S06-itl-inh-ts-0055 
Zone B B2 0-25 S06-itl-inh-ts-0056 
Zone B B2 25-50 S06-itl-inh-ts-0057 
 
 
2.5.2 Sample preparation 
 
Six empty trays were weighed with a Sartorius AG (model EA6DCE-1) scale prior to 
weighing of the samples in the ERL. The soil samples were then transferred from 
plastic bags onto these empty trays. The masses of the samples plus trays were then 
measured using the scale and recorded. Sample (wet) mass was obtained by 
subtracting the mass of the empty tray from the filled one. The samples were then 
dried in the oven (Eco Therm LABOTEC) for 24 hours at a temperature of 110 ° C. 
The masses of the dried samples plus trays were then obtained and recorded. The 
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masses of the dried samples were then determined by subtracting the mass of the 
empty tray from filled one. 
 
For each soil sample, the moisture content was determined by subtracting the mass of 
the dried sample from moist/wet one and dividing the result by that for moist one (see 
Table 2-8). All samples were grinded to ensure that a homogeneous grain size is 
achieved. A 2 mm sieve was used to exclude soil grains that were more than 2 mm in 
diameter and some organic materials. The grains that did not pass the 2 mm sieve 
were then grinded and sieved again.   
 
After grinding all the samples, coning and quartering were performed (see Figure 2-
29 (a) and (b)). A funnel was used to filter the grinded samples, to make sure that all 
the grain sizes were fully represented in all directions. The soil sample was then 
divided into four parts with two parts transferred into a Marinelli beaker.  
 
 
                              (a)                                                                   (b) 
  Figure 2-29: The (a) coning and (b) quartering of soil samples. 
 
The Marinelli beakers (see Figure 2-30) were first weighed on scale (Sartorius 
BP2100s model). The Marinelli beakers were then all filled with soil samples up to 
the 1-litre mark. The filled Marinelli beakers were then weighed in order to obtain the 
mass and these were recorded on the logbook. Sample mass was obtained by 
subtracting the mass of the empty beaker from the filled one. 
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Figure 2-30: Empty Marinelli beaker and its schematic representation. 
 
A copper lid (~2 mm thick) was used to cover the soil by placing it on top of the soil 
in the inside of the beaker before sealing. Copper lids were weighed before use. A 
white Silicon sealant (Bostik) was applied on the edge of the copper lid to prevent 
radon leakage. The Marinelli beaker was then closed tight with its lid and sealed with 
the same sealant on the outside (see Figure 2-31). The beakers were appropriately 
labeled (name of the samples, their masses and dates of sealing and attached onto the 
face of the beaker). The samples were then stored for at least 21 days before 
radiometric counting by HPGe detector could be performed to allow for radon and its 
daughters to build up to secular equilibrium. Table 2-8 shows the sample codes, date 
of sealing, mass of the samples in grams and moisture content of samples. 
 
` 
Figure 2-31: A sealed and labelled Marinelli beaker. 
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Table 2-8: Sample codes, date of sealing, mass (g) and moisture content of the 
samples. * indicates that the moisture content was not determined. 
Sample code Date sealed Mass (g) Moisture content (%) 
Ss01-A1 (0-25) cm 08-September-2006 1421.60 11.7 
Ss01-A1 (25-50) cm 08-September-2006 1432.40 16.1 
Ss01-A3 (0-15) cm 26-May-2006 1388.56 * 
Ss01-B1 (0-25) cm 08-September-2006 1332.36 13.0 
Ss01-B1 (25-50) cm 08-September-2006 1275.58 14.0 
Ss01-B2 (0-25) cm 08-September-2006 1325.87 13.2 
Ss01-B2 (25-50) cm 08-September-2006 1252.35 9.00 
 
 
2.5.3 Overview of high-purity germanium detector system 
 
Radiometric counting of the collected soil samples was done using a high-energy 
resolution type detector called a high-purity germanium detector (HPGe) at the ERL. 
It is a Canberra p-type detector (GC 4520 model) with a built-in preamplifier (see 
Figure 2-32). 
 
The detector consists of a germanium crystal, with a diameter of 62.5 mm and a 
length of 59.9 mm, and has a 45 % relative efficiency at 1.33 MeV with a 2.1 keV 
FWHM energy resolution at 1332 keV. The detector is surrounded by a lead shield of 
~10 cm thickness for background shielding and a copper lining (inside) of ~2 mm. 
The purpose of the copper lining surrounding the detector is to absorb any X-rays 
emanating from the lead. During measurements, the detector is cooled down, via a 
copper cold finger, with liquid nitrogen from the dewar (see Figure 2-33).   
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Figure 2-32: A picture of the ERL HPGe detector with a built–in preamplifier inside 
the lead castle. 
 
 
Figure 2-33: A picture of an ERL HPGe detector from the outside, showing the lead 
castle and the liquid nitrogen dewar. 
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2.5.3.1 Set-up of HPGe detector/Electronics 
 
 
 
 
Figure 2-34: Schematic representation of the detector and its electronic set-up. 
 
The HPGe system consists of preamplifier, bias voltage supply, amplifier, multi-
channel analyzer and desktop system (see Figure 2-34). The electronic system is used 
to amplify and digitize pulses emanating from the detector crystal due to gamma ray 
interactions with matter. The preamplifier is used to collect and convert these pulses 
to a voltage pulse, which is then sent to the amplifier. The preamplifier is normally 
located close to the detector to minimize the signal noise and thus improve the energy 
resolution. The HPGe is attached with the preamplifier and this is very good, as the 
preamplifier is cooled down together with the detector thereby reducing the electronic 
noise due to thermionic emission. In order for the detector system to work, a bias 
supply is required. A bias supply provides the voltage needed to collect all the charges 
formed in the detector as a result of radiation interaction with the detector material. 
The amplifier will then shape and increase (in size) the voltage pulse from the 
preamplifier. The pulses from the amplifier are collected and sorted by the 
OxfordWin-Multichannel Analyzer (MCA), which consists of an ADC (analog-to-
digital converter), a digital spectrum stabilizer (DSS), single channel analyzer (SCA) 
and multi-channel scaler (MCS) [Oxf97]. 
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2.5.4 HPGe measurements 
 
Each sample contained in sealed Marinelli beaker was placed on the HPGe detector 
for radiometric counting. They were all counted for approximately 12 hours. Table 2-
9 shows the live, real and dead times for the obtained spectra (from counting 
exercises) as well as their names and codes. A typical HPGe spectrum recorded is 
shown in Figure 2-35. 
 
Table 2-9: Data on soil spectra recorded with the HPGe detector. 
Sample code Spectrum 
code 
Live time (s) Real time 
(s) 
Dead time 
(s) 
Ss01-A1 (0-25)cm iih06179.ans 62181.81 62202.15 20.34 
ss01-A1 (25-50) cm iih06177.ans 48609.88 48627.90 18.02 
Ss01-A3 (0-15) cm iih06084.ans 68362.50 68381.49 18.99 
Ss01-B1 (0-25) cm iih06174.ans 57643.57 57667.88 24.31 
ss01-B1 (25-50) cm iih06182.ans 66478.79 66511.41 32.62 
Ss01-B2 (0-25) cm iih06175.ans 61907.96 61934.14 26.18 
ss01-B2 (25-50) cm iih06181.ans 57361.57 57389.32 27.75 
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Figure 2-35: An HPGe spectrum obtained for soil sample collected at A3. 
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CHAPTER 3 ANALYSIS OF GAMMA-RAY DATA 
 
In this chapter the manner in which gamma-ray spectra (obtained with a MEDUSA 
and germanium detector) are analyzed in order to determine primordial radionuclide 
concentrations in soil is described.    
 
3.1 MEDUSA data 
 
The MEDUSA data were analyzed using MEDUSA tools, namely: MEDUSA Data 
Logger (MDL), MEDUSA Data Synchronizer (MDS), and MEDUSA Post Analysis 
(MPA). The acquired MEDUSA data from the survey is saved as an MDL file with an 
extension of the form .mxx, where xx refers to file number (for example m01, m02, 
etc). Auxiliary data (GPS coordinates, temperature, count rate, etc.) and gamma ray 
spectra do not correspond to each other since they were acquired at different times, so 
the MDS program was used to synchronize the data [Mod05]. The MDS creates a 
one-on-one correspondence between auxiliary data and gamma-ray spectra. The MDS 
was run and saved as an MDS file (as .sdf type) (see Figure 3-1). 
 
 
 
Figure 3-1: Schematic diagram showing the procedure for analyzing MEDUSA data. 
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The synchronized data is analyzed by MPA. The MPA performs a Full-Spectrum 
Analysis (FSA) in which three standard spectra and a background spectrum are fitted 
to the measured spectrum by means of chi-square minimization [Hen01]. The three 
standard spectra used for this study are the simulated standard spectra of 238U, 232Th, 
40K and 22Na shown in Figure 3-2 to 3-3. The 22Na spectrum was included to account 
for possible anthropogenic radioactivity that may be present on the iThemba LABS 
site (see [Hla07] for an in-depth study of anthropogenic radioactivity on the site). 
These spectra were generated with the Monte Carlo N-Particle X (MCNPX) code 
using flat-bed geometry [Hen01]. A background spectrum was measured at 
Theewaterskloof Dam near Grabouw, Western Cape by submerging the MEDUSA 
detector below the water surface.  
 
In this method, using a chi-square minimization procedure, the activity concentrations 
will follow from a fit of the calculated standard spectrum to the measured one 
[Hen01]. In the FSA the measured spectrum Y is described as the sum of the standard 
spectra Xj multiplied by the activity concentrations Cj for the individual radionuclides. 
If a complex spectrum has to be decomposed into j known components, the intensity 
Cj of each component relative to that of its standard is determined by the requirement 
that 
 
2
2 )()()(1 ∑ ∑=
=
⎥⎦
⎤⎢⎣
⎡ −−=
hecn
leci j
jjred iXCiYiwmn
χ      (3.1) 
 
should be a minimum [Qui72, Pre92, Hen01]. )(iY  and )(iX j  are representing counts 
in channel i  recorded under the same experimental conditions. j  represents the 
number of standard spectra used, leci =  and hecj =  are low energy and high energy 
cut-offs used during minimization procedure. The factor mn −  represents the number 
of degrees of freedom where n  is the number of data points and m the number of 
parameters. The weight )(iw  factor is given as the inverse of the square of the 
standard deviations. 
 
During the fitting relative activity concentrations of primordial radionuclides (238U, 
232Th, 40K) from the 5 surveyed sampling points were extracted. The absolute activity 
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concentrations were calculated by multiplying the relative activity concentrations 
obtained from the fitting by normalization factors derived in the manner described in 
Annexure D). FSA fits to the spectra acquired at the three sampling points in zone A 
and at two sampling points in zone B can be seen in Figure 3-4 to 3-5. 
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Figure 3-2: Simulated standard spectrum of (a) 238U and (b) 232Th used in the FSA 
procedure. 
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Figure 3-3: Simulated standard spectrum of (a) 40K and (b) 22Na used in the FSA 
procedure. (c) The background spectrum measured at Theewaterskloof. 
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Figure 3-4: FSA fits to MEDUSA spectra for points (a) A1, (b) A2 and (c) A3 in zone 
A. The raw spectrum was obtained by summing all the spectra (each acquired over 2s 
interval) 
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Figure 3-5: FSA fits to MEDUSA spectra for points (a) B1 and (b) B2 in zone B. The 
raw spectrum was obtained by summing all the spectra (each acquired over 2s 
interval). 
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Maps of the MEDUSA total detector count rate (counts per second) for the two zones 
(A and B) are shown in Figure 3-6 (a) and (b).  
 
 
(a) 
 
 
(b) 
 
Figure 3-6: Map showing the total MEDUSA detector count rate (counts per second) 
over zones (a) A and (b) B. The two maps are also showing the measured sampling 
points (A1, A2, A3, B1 and B2) from both zones. In the GPS coordinates (latitude and 
longitude) the first two digits indicates the degrees while the rest are the minutes. 
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3.2 HPGe data 
 
The activity concentrations of primordial radionuclides (238U, 232Th and 40K) in the 
soil were determined using the following equation. 
 
detεmTb
CA nett=                                  (3.2) 
 
where, nettC  = net counts, after background subtraction,  
m  = mass of the soil sample in kg,  
 T  = live time, the time (s) during which the system is available for processing 
a pulse,  
b  = branching ratio, the statistical chance that a particular gamma-ray is 
emitted per decaying nucleus [Fir96], and  
           detε  = absolute photopeak detection efficiency.                                                                                  
 
The net counts, nettC , for a particular photo peak from the spectrum was determined 
by manually setting a region-of-interest (ROI) around the peak of interest. The 
Oxford-Win Software uses an algorithm to automatically calculate the gross and net 
counts (those above the continuum background) associated with the ROI. To get nettC , 
the background count was subtracted from the net counts (associated with the ROI). A 
1 litre tap water was used for background measurements, and the collected spectrum 
was analyzed for background counts. The energies of the photo peaks used for the 
analysis are presented in Table 3-1. Photopeak detection efficiency, )(det Eε , for 
gamma-rays of energy E (keV) was parameterized over the energy range 295 – 1460 
keV by [Cro99] 
 
                                       
     (3.3) 
 
where 0E  (1.0 keV) has been introduced to make the quantity in the right-hand side 
bracket, and hence the parameters a  and b are dimensionless. Equation 3.2 was used 
to calculate the absolute efficiency using fit parameters established by Modisane 
b
E
EaE ⎟⎟⎠
⎞
⎜⎜⎝
⎛=
0
det .)(ε
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[Mod05]. Figure 3-7 shows the absolute efficiencies as function of gamma-ray 
energy.  
 
Table 3-1: The gamma-ray lines (associated with decay of 238U, 232Th and 40K) used to 
determine primordial activity concentrations in soil. Gamma-ray branching ratios are 
also given [Mod05]. 
238U Energy (keV) Branching ratios 
295 0.185 
352 0.358 
609 0.448 
1001 0.008 
 
1120 0.148 
232Th 238 0.433 
338 0.113 
583 0.304 
727 0.066 
 
911 0.266 
40K 1460 0.107 
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Figure 3-7: Absolute gamma-ray photopeak detection efficiency as a function of 
gamma-ray energy for the ERL HPGe detector system and geometry. The parameters 
a and b (equation 3.3) are (1.5585) and (-0.7094), respectively [Mod05]. 
7094.0
det 5585.1
−= Eε
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CHAPTER 4 EXPERIMENTAL RESULTS, MODEL 
FITS AND DISCUSSION 
 
In this chapter the soil-gas radon concentrations obtained from the RAD7 
measurements are presented and discussed in detail. The results from radiometric 
analysis of soil samples from radon measurement points are also presented and related 
to the radon concentrations. Finally model fits to the measured radon profiles are 
presented.   
 
4.1 Soil-gas radon concentrations 
 
All measured radon concentrations and associated uncertainties are tabulated in 
Annexures A (zone A) and B (zone B).  Below we discuss the radon local and 
seasonal variation, variation with depth, day-night variation and correlation with 
meteorological data.  
4.1.1 Local and seasonal variation 
 
The radon concentrations measured at a fixed depth at all measurements point for 
zone A are shown in Figures 4-1 and 4-2.  Table 4-1 is showing the average mean and 
the weighted mean of radon concentration as determined for this zone. Let us first 
consider the results for 25 cm depth in this zone. 
 
Figure 4-1 (a) shows radon concentrations at a depth of 25 cm at different sampling 
points and also the variation of soil-gas radon concentration as measured in different 
seasons (May, August and October). The highest value was recorded in May (after the 
dry season) and the lowest value in August (rainy season). The reason for high values 
in May could be due to that the soil was very dry after a long hot summer and 
dehydration of plants increases the porosity even more, so the radon diffuses more 
easily than in the wet season [Kul05]. The low values, especially at points A1b and 
A3d, were due to the presence of a high water table in August (see Table 2-4, section 
2.3.3). The RAD7 detector pumped water at a depth of 25 cm at these points. So 
during these measurements the soil air porosity must have been zero, or close to zero, 
at depths greater than ~ 30 cm. This meant that almost all soil pores were filled with 
 
 
 
 
  78 
water. In this case much radon gas could not diffuse out into air, since most of it was 
absorbed in the water. This is consistent with results from previous studies, which 
found that the concentration of radon in soil gas decreases as soil moisture increases 
near a water table [Fuk87, Shw95]. In Tateishi (Japan), higher radon concentrations 
were obtained at shallow depth and low radon concentrations were obtained at larger 
depth (120 cm) measured at different times [Isk05] due to a similar effect. In addition 
it is likely that the moisture in the soil at depths smaller than ~ 30 cm was higher due 
to rain. This moisture is also expected to absorb some of radon and reduce the radon 
entering the air in the soil pores. Also the radon concentrations measured in October 
were generally higher than in August, but still lower than in May. This is expected 
since the water table would have receded towards spring, and moisture is reduced for 
the same reason.  
 
The other reason for the variation of radon concentration between seasons could be 
due to differing levels of grass cover. In spring the grass is more prolific than after the 
dry season (see Figure 2-20 (c), Chapter 2). So during the rainy season radon gas can 
more easily escape from the soil along grass roots, which are more prolific than after 
the dry season. In one study, it was reported that the effects of vegetation on radon 
concentration were most obvious at shallow depth where higher roots density and 
higher capillary pressures occur [Koz03]. Some of the radon concentrations were 
consistent with each other as measured in different seasons. For instance; radon 
concentrations at sampling points A2a and A2c; and those at A1d, A2d and A3a (see 
Figure 4-1 (a)). More data illustrating mainly season effects is shown in Figure 4-3. It 
is seen in this figure that additional depths were considered during October.  
 
If one now only consider the May results significant variation is still observed. For 
example, the radon concentration at A3b was higher than at A2a and A3a by factor of 
~ 2 and ~ 3, respectively (see Figure 4-1 (a)). This variation is therefore not season 
related and can be due to, amongst others, differing radium concentrations and or 
radon diffusion lengths at the various points. The radium concentration at cluster A1 
was found to ~ 12 Bq.kg-1, as opposed to ~ 8 Bq.kg-1 at A3 (see Table 4-3, section 
4.2). If radium content was the only relevant factor, the concentrations measured at 
points at cluster A1 are expected to be higher than at cluster A3. This is found when 
comparing A1a and A3a. However the values for A1a and A3b are consistent to 
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within uncertainties. Other factors must therefore come into play. One such factor, 
which is especially relevant at small depths, is the possibility that radon could be 
escaping to the atmosphere along the soil probe, thereby causing a reduction in the 
concentration measured.  
 
When considering larger depths (zone A) (see Figures 4-1(b), and 4-2)) similar 
observations can be made. However at these depths it is expected that the effect 
related to the escape of radon along the RAD7 probe will be reduced. Despite this 
there is still, for example, a factor of ~ 2 difference between results at A1a and A2a 
(50 cm depth, autumn). Also at the same depth the concentrations at A1a and A3(a,b) 
are close despite the higher radium content at cluster A1. This could be due to a larger 
diffusion length at cluster A3. Also, the season effect and water table effect is still 
clearly seen at a depth of 50 cm.  The local variation is found to be large at 75 cm 
depth (autumn, points A1a, A2a and A3a), while the same effect is more reduced (to ~ 
30 %) for the 100 cm depth (autumn).  More generally, in future fault zone work care 
should be taken not to ascribe a factor of ~ 2-3 variation in radon concentration to the 
presence of the fault zone – this level of variation can have a less dramatic 
explanation. 
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Figure 4-1: (a) Radon concentrations as measured at a depth of 25 and (b) 50 cm. 
Points A1a, A2a, A3a and A3b were sampled in May (M) 2006 campaign. Points A1b, 
A2c, A2d, A3c and A3d were sampled in August (A) 2006 campaign. Points A1c, A1d, 
A1e, A1f and A1g were sampled in October (O) campaign. All the measured points 
were located in zone A. 
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Figure 4-2: (c) Radon concentrations as measured at a depth of 75 and (d) 100 cm. 
Points A1a, A2a and A3a were sampled in May 2006 campaign. Point A1c was 
sampled in October 2006 campaign. All the measured points were located in zone A. 
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Figure 4-3: Radon concentrations as a function of depth as measured in A1a (May), 
A1b (August) and A1c (October). 
 
Table 4-1: The mean and the weighted mean radon concentration at a specific depth 
from zone A and B. 
 
Zone Depth (cm) Mean 222Rn 
conc. (Bq.m-3) 
W. Mean 222Rn 
conc. (Bq.m-3) 
25 1310 ± 561 1320 ± 322 
50 6943 ± 2308 7580 ± 1240 
75 8663 ± 2325 6570 ± 996 
100 9660 ± 1532 9090 ± 776 
 
 
A 
 
25 9375 ± 4844 11800 ± 2450 
50 15100 ± 2828 13600 ± 1290 
75 19750 ± 7424 17900 ± 4930 
 
B 
100 21650 ± 7425 17000 ± 2410 
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The radon concentrations measured at a fixed depth at all measurement points for 
zone B are shown in Figures 4-4 and 4-5.   Table 4-1 shows the average mean and the 
weighted mean of radon concentration as determined for zone B.  
 
Figure 4-4 (a) shows the concentration of radon soil-gas at a fixed depth (25 cm) from 
different sampling points in zone B. Here, again, the seasonal effect is clear when 
comparing points B1a and B2a. Radon concentration as measured in B2a was very 
low as compared to the other two from B1a and B2. This was because radon 
measurements in B2a were done after heavy rain. The soil was saturated with water 
from the surface to deep soil and the whole area was muddy. The moisture content 
was high, so this resulted into low air porosity as almost all the pores were filled with 
water. Data for sampling points B1a and B2 (both May) show the local variation of 
radon concentration, as the value at B1a was twice the value at B2, despite the fact 
that radium concentrations at the clusters were similar (Table 4-3). At a depth of 50 
cm radon concentrations were more consistent as measured in both B1a and B2 (see 
Figure 4-4 (b)). Figure 4-5 (a) and (b) both show radon concentrations as measured in 
the same season in zone B at 75 and 100 cm depths. Radon concentrations in B2 were 
higher than those in B1 as measured in May. This could be due to the moisture 
content which was higher in B2 than in B1a. The moisture content was observed 
during the withdrawal of the probe from the soil in sampling point B2 at a depth of 
100 cm, as it was easily pulled out of the soil and the soil was sticking around the 
probe. The moisture in the pore increases the emanation coefficient, as the radon 
recoils from the grain gets caught easily. This can increase the radon concentration 
[Sas04]. This could also be due to a higher radon emanation coefficient in soil at B2. 
 
Radon concentrations in zone B were higher than in zone A by approximately a factor 
of 2 as measured in May at all sampling points. This seems to be mainly due to the 
radium concentrations, which were higher in zone B than in zone A (see section 4.2, 
for details). As discussed above, in both zones, radon concentrations at shallow depth 
seem to fluctuate significantly. This finding is consistent with that of Iskandar [Isk05], 
who found that radon concentrations at shallow depth ranged from 5 to 13 kBq.m-3. 
The fluctuation of radon concentrations at shallow depth may be caused by systematic 
errors.  
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Figure 4-4: Radon concentrations as measured at depths of (a) 25 cm and (b) 50 cm. 
Points B1a and B2 were used in May 2006 campaign. Point B2a was sampled in 
August 2006 campaign. All the measured points were located in zone B. The 
concentration of radon in B2a was multiplied by 100, as it was very small (17.6 ± 
20.3 Bq.m-3) in order for the value to appear in the Figure. 
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Figure 4-5: Radon concentrations as measured at depths of (a) 75 cm and (b) 100 cm. 
Points B1a and B2 were sampled in May 2006 campaign. All the measured points 
were located in zone B. 
 
4.1.2 Variation with depth in soil 
 
The May data discussed above were used to plot radon concentration profiles in the 
soil (see Figures (4-6 and 4-8)). It is seen that there is a general increase in 
concentration with depth (an exception is shown in Figure 4-8 (a)). This is in general 
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agreement with what is expected from the one-dimensional diffusion model (see 
section 4.3 for more detail). The use of the profiles to further assess the validity of the 
diffusion model is discussed below. 
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Figure 4-6: Measured soil-gas radon concentration as a function of depth in soil at 
sampling points (a) A1a and (b) A2a in zone A. The model-best fit curves are also 
shown (solid and dotted curve). The solid curve indicates that all the measured data 
points were included during the fitting while the dotted curve indicates that the 25 cm 
data point was omitted during the fitting (see section 4.3). 
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Figure 4-7: Measured soil-gas radon concentration as a function of depth in soil at 
sampling point A3a in zone A. The model best-fit curve is also shown (solid and 
dotted curve). The solid curve indicates that all the measured data points were 
included during the fitting while the dotted curve indicates that the 25 cm data point 
was omitted during the fitting (see section 4.3). 
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Figure 4-8: Measured soil-gas radon concentration as a function of depth in soil at 
sampling points (a) B1a and (b) B2 in zone B. The model best-fit curves are also 
shown (solid and dotted curve). The solid curve indicates that all the measured data 
points were included during the fitting while the dotted curve indicates that the 25 cm 
data point was omitted during the fitting (see section 4.3). 
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4.1.3 Day-night variation 
 
Figures 4-9 (a) and 4-10 (a) show 222Rn profiles as measured at different times in one 
day at the same depths, 25 and 50 cm, together with the mean value (solid line), 
respectively. At the depth of 25 cm, 222Rn concentrations varied from 1790 ± 440 to 
3100 ± 414 Bq.m-3 as measured at different times. Figure 4-9 (b) and 4-10 (b) are 
showing 222Rn profiles as a function of time as measured at 25 and 50 cm depths, 
together with the weighted mean value (solid line), respectively. At 50 cm depth, 
222Rn concentrations varied from 8250 ± 152 to 11200 ± 1280 Bq.m-3 as measured at 
different times. 222Rn concentration at a depth of 25 cm was higher at night and low 
during the day. The atmospheric temperature during the measurements ranged from 
10 °C at night to 29.5 °C during the day. 222Rn concentration at a depth of 50 cm was 
also higher at night and lower during the day (especially in the afternoon). The 
atmospheric temperature during the measurements ranged from 16 °C at night to 32.0 
°C during the day. The figures show that 222Rn concentration dropped in the 
afternoon, as atmospheric temperature increases. The 24 h average values at 25 and 50 
cm depths were 2285.0 ± 380.7 and 9784 ± 1114.9 Bq.m-3, respectively. The weighted 
mean of radon concentrations at 25 and 50 cm depths were 2347 ± 81 (with χ2pdf = 
2.85) and 8933.1 ± 294.8 Bq.m-3 (with χ2pdf = 7.25), respectively. There is evidence of 
a statistically significant day-night variation in concentration when considering the 
weighted mean, especially for the 50 cm depth data (see Figure 4-9 and 4-10). In 
Tateishi (Japan), it was found that radon concentrations at shallow depth were not 
varying significantly. Instead, a significant variation was observed at deeper depths 
(especially at 80 and 120 cm) [Isk05].  
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Figure 4-9: The concentration of 222Rn in soil as the function of time at A3b at a depth 
of 25 cm. The plots are showing the (a) mean and weighted mean value with their 
uncertainties. 
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Figure 4-10: The concentration of 222Rn in soil as the function of time at A3b at a 
depth of 50 cm. The plots are showing the (a) mean and (b) weighted mean value with 
their uncertainties. 
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4.1.4 Correlation with meteorological data 
 
The correlation between radon concentration and meteorological parameters such as 
atmospheric temperature, atmospheric pressure, wind speed and humidity were 
studied at fixed depths in both zones (A and B). Radon concentrations in zone A were 
all corrected for radium concentrations. This was done by multiplying the radon 
concentrations by the ratio (average 226Ra (B)/average 226Ra (A)) of 1.57 ± 0.16 (see 
Table 4-4). Figure 4-11 shows 222Rn concentration against atmospheric pressure. The 
figures show negative correlation between 222Rn concentrations and atmospheric 
pressure at depths (50, 75 and 100 cm). Significant correlation coefficients (r > 0.6) 
found at the above-mentioned depths were r = - 0.837, r = - 0.833 and r = - 0.809 at 
depths 50, 75 and 100 cm, respectively (see Figure 4-11 and Table 4-2 (a)). Radon 
concentrations were found low at high atmospheric pressure and this could be due to 
the air above the surface, which is forced to enter into the soil as a result of high 
atmospheric pressure. 222Rn concentration in the soil gas decreases with the intake of 
air above the surface due to an increase of atmospheric pressure [Fuk87, Hay94, 
Bai01]. However the 24 hour measurement data show a positive correlation between 
concentration and air pressure (see Table 4-2 (b)).  
 
Another correlation was observed between radon concentration in soil and the 
atmospheric temperature. Positive correlations were observed at depths 50, 75 and 
100 cm (see Table 4-2 (a)). A correlation coefficient of r = 0.756 was found at 50 cm 
depth (see Figure 4-12 (a)), which was consistent with that of Baixeras [Bai01], who 
found that radon concentration increased with atmospheric temperature. The wind 
speed showed a positive correlation with radon concentrations at all depths > 25 cm. 
Significant correlations were found at all depths (see Figure 4-13 and Table 4-2 (a)). 
However, the 24 hour measurement data again show an opposite correlation between 
radon concentration and wind speed (Table 4-2 (b)). This is consistent with the 
findings in Tateishi (Japan), where a negative correlation was found between radon 
concentrations and wind speed [Isk05]. Another correlation was found between radon 
concentrations and air humidity. Air humidity showed a significant negative 
correlation at a depth of 75 cm. At shallow depth (25 cm), the correlation coefficients 
were very low and also opposite as compared to the ones found at other depths (see 
Table 4-2 (a)).  
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The correlation between the concentrations of 222Rn in soil and the meteorological 
parameters are given in Table 4-2 (b) for the 24 hr measurements. The measurement 
results showed a correlation between 222Rn concentration and the atmospheric 
temperature. A good correlation was clearly seen at a depth of 50 cm, and the 
correlation coefficient was r = - 0.957 (see Figure 4-14 (a)). A negative correlation r = 
- 0.892 was also found between 222Rn concentration and wind speed at a depth of 50 
cm. It is believed that the wind penetrates into the soil and generates horizontal 
airflow in the deep layers, and thereby dilutes the 222Rn concentration in soil [Isk05]. 
The correlation coefficients between wind speed and 222Rn concentration were r = 
0.183 and r = 0.795 at 25 and 50 cm, respectively (see Figure 4-14 (b) and Table 4-2 
(b)). There was another correlation between 222Rn concentration and atmospheric 
pressure and the correlation was r = 0.624 (see Figure 4-15 (a)). Another correlation 
was found between 222Rn concentration and air humidity. A significant correlation 
was clearly seen at 50 cm depth and was r = 0.843 (see Figure 4-15 (b)). At a depth of 
25 cm there was no correlation between concentrations of 222Rn and meteorological 
parameters such as atmospheric temperature, pressure, wind speed and air humidity. 
This may be due to the systematic errors associated with shallow depth (25 cm) 
measurements. 
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Table 4-2: (a) The correlations between concentration of 222Rn in soil and their 
meteorological parameters. The correlations are from both zones (A and B). (b) The 
correlations between radon concentration and their meteorological parameters for 24 
hr measurements. 
Radon conc. (CR) vs 
meteorological 
parameters 
Coefficient of 
determination 
(r2) 
Correlation 
coefficient 
(r) 
25 cm   
CR vs. temperature 0.146 -0.382 
CR vs. pressure 0.288 -0.536 
CR vs. wind speed 0.000 +0.017 
CR vs. humidity 0.081 +0.285 
50 cm  
CR vs. temperature 0.571 +0.756 
CR vs. pressure 0.701 -0.837 
CR vs. wind speed 0.546 +0.739 
CR vs. humidity 0.279 -0.528 
75 cm  
CR vs. temperature 0.157 +0.396 
CR vs. pressure 0.694 -0.833 
CR vs. wind speed 0.635 +0.797 
CR vs. humidity 0.552 -0.743 
100 cm   
CR vs. temperature 0.038 +0.195 
CR vs. pressure 0.655 -0.809 
CR vs. wind speed 0.949 +0.947 
CR vs. humidity 0.234 -0.484 
(a) 
 
Radon conc. (CR) vs 
meteorological 
parameters 
Coefficient of 
determination 
(r2) 
Correlation 
coefficient (r) 
 
25 cm  
CR vs. temperature 0.291 -0.539 
CR vs. pressure 0.281 +0.530 
CR vs. wind speed 0.183 -0.428 
CR vs. humidity 0.214 +0.463 
50 cm  
CR vs. temperature 0.916 -0.957 
CR vs. pressure 0.389 +0.624 
CR vs. wind speed 0.795 -0.892 
CR vs. humidity 0.710 +0.843 
 (b) 
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Figure 4-11: The correlation between 222Rn concentration in soil and the atmospheric 
pressure at depths (a) 50, (b) 75 and (c) 100 cm in zone A and B. 
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Figure 4-12: The correlation between 222Rn concentration in soil and (a) atmospheric 
temperature-25 cm depth, (b) air humidity-50 cm depth, in zone A and B. 
 
 
 
 
 
 
 
 
 
 
 
   
 97 
r = 0.739
0
2000
4000
6000
8000
10000
12000
14000
16000
18000
20000
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6
Wind speed (m/s)
R
ad
on
 c
on
ce
nt
ra
tio
n 
(B
q.
m
-3
)
50 cm depth
 
(a) 
 
r = 0.797
0
5000
10000
15000
20000
25000
30000
0 0.5 1 1.5 2
Wind speed (m/s)
R
ad
on
 c
on
ce
nt
ra
tio
n 
(B
q.
m
-3
)
75 cm depth
 
(b) 
 
r = 0.974
0
5000
10000
15000
20000
25000
30000
0 0.5 1 1.5 2 2.5
Wind speed (m/s)
R
ad
on
 c
on
ce
nt
ra
tio
n 
(B
q.
m
-3
)
100 cm depth
 
(c) 
 
Figure 4-13: The correlation between 222Rn concentration in soil and the wind speed 
at depths (a) 50, (b) 75 and (c) 100 cm in zone A and B. 
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Figure 4-14: The correlation between concentration of 222Rn in soil and (a) 
atmospheric temperature, (b) wind speed, at 50 cm depth in zone A for 24 hr 
measurements. 
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(b) 
Figure 4-15: The correlation between concentration of 222Rn in soil and (a) air 
temperature, (b) atmospheric pressure, at 50 cm in zone A for 24 hr measurements. 
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4.2 Soil primordial activity concentrations 
 
Table 4-3 shows the activity concentrations of primordial radionuclides as a function 
of depth, as measured by HPGe detector. The average 226Ra activity concentrations 
are shown in Figure 4-4. The activity concentrations of 238U, 232Th and 40K as 
measured by the MEDUSA detector at sampling points A1, A2, A3, B1 and B2 are 
also quoted. The results showed a significant variation of 232Th and 40K as the depth 
increases. In Figure 4-16 the radium (226Ra) activity concentration (assumed to be 
equal the 238U activity concentration) as measured at depths 0-25 and 25-50 cm at 
different locations is shown. The radium activity concentration was higher in zone B 
than in zone A. Figure 4-17 shows the radium activity concentration as measured with 
the MEDUSA detector at a depth of 0-30 cm in different locations. It was found that 
MEDUSA-derived 226Ra activity concentrations in soils from zones A and B are 
consistent to within measurement uncertainties (see Figure 4-17). This differs 
significantly from the HPGe results, which show approximately 50 % higher radium 
concentration in zone B (see Figure 4-16). Table 4-5 shows the ratios of average 
activity concentration of radium as calculated from both zones (activity 
concentrations in A and B were averaged) at 0-25 and 25-50 cm depths. The HPGe 
results are consistent with the observation that radon concentrations (at 100 cm depth) 
are approximately a factor of two higher in zone A than in zone B. An increase of 
radon concentration as a function of depth in B2 was not due to the variation of 
radium concentration, as it was virtually constant at both depths (see Figure 4-16). 
Figure 4-18 shows the average count rates (cps) as measured at stationary points (A1, 
A2, A3, B1 and B2) using the MEDUSA detector during the survey. The average 
count rates were consistent in all the measured points as can be seen in Figure 4-18. 
 
The uranium (radium) content was plotted against the soil-gas radon concentration 
(see Figure 4-19 to 4-20). The figures show a consistent (positive) linear correlation 
between activity concentrations of radon and radium in soil, i.e. radon concentration 
increased with an increase of radium. Table 4-6 shows the correlation coefficients as 
determined at different depths. The finding relating to 222Rn concentration is 
consistent with that of Choubey [Cho99], who found that increasing of 226Ra activity 
concentration is seen to cause an increase of radon concentration in soil-gas (a 
positive correlation was found (r = 0.6114) in Garhwal Himalaya (India)). 
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Table 4-3: The activity concentrations of primordial radionuclides from HPGe and 
MEDUSA data. * indicates normalized MEDUSA activity concentrations, 
normalization factors from A3 were used. # indicates normalized MEDUSA activity 
concentrations, normalization factors from B2 were used (see Annexure D for 
details). 
HPGe and MEDUSA Activity Concentration (Bq.kg-1)  
Zone Point Depth (cm) 238U 232Th 40K 
A (HPGe) A1 0 – 25 11.2 ± 1.1 14.0 ± 0.4 81.1 ± 1.4 
A1 25 – 50 12.9 ± 1.2 17.6 ± 0.5 100.8 ± 1.8  
A3 0 – 15 8.49 ± 0.86 8.90 ± 0.33 39.6 ± 0.9 
B (HPGe) B1 0 – 25 16.3 ± 1.3 23.5 ± 0.7 97.7 ± 1.7 
B1 25 – 50 18.8 ± 1.1 31.7 ± 0.8 138.1 ± 2.2 
B2 0 – 25 18.8 ± 1.2 23.8 ± 0.6 91.5 ± 1.6 
 
B2 25 – 50 18.8±1.3 32.2 ± 0.8 129.2 ± 2.1 
A (MEDUSA) A1 0 – 30 *9.22 ± 0.92 9.41 ± 0.35 45.8 ± 1.0 
A1 0 – 30 #17.6 ± 1.2 15.8 ± 0.4 88.1±1.6 
A2 0 – 30 *8.41 ± 0.84 9.59 ± 0.35 57.8 ± 1.3 
A2 0 – 30 #16.1 ± 1.1 16.1 ± 0.4 111.1 ± 2.0 
 
A3 0 – 30 #16.4 ± 1.1 15.1 ± 0.4 76.1 ± 1.3 
B (MEDUSA) B1 0 – 30 *8.73 ± 0.87 13.6 ± 0.9 49.6 ± 1.1 
B1 0 – 30 #16.7 ± 1.1 22.8 ± 0.6 95.2 ± 1.7  
B2 0 – 30 *18.8 ± 1.2 23.8 ± 0.6 47.6 ± 1.1 
 
 
Table 4-4: The average activity concentrations of 226Ra in zone A and B. 
Zone Depth (cm) Av. Activity conc. 
of 226Ra (Bq.kg-1) 
A (HPGe) 0 – 50 12.1 ± 0.8 
B (HPGe) 0 – 50 18.2 ± 0.6 
A (MEDUSA) 0 – 30 16.7 ± 0.6 
B (MEDUSA) 0 – 30 16.7 ± 0.6 
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Table 4-5: The ratios of average activity concentrations of radium from zone A and B. 
* indicates that the radium concentration in zone A was not averaged as it was the 
only value. In A2 and A3 depth sampling were not performed especially from 0-25 
and 25-50 cm depth. 
Depth (cm) Zone Point 
cluster 
226Ra conc. 
(Bq/kg) 
Av. (226Ra) 
conc.(Bq/kg) 
226RaB/226RaA
0-25 A A1 11.2 ± 1.1 *11.2 ± 1.1 
0-25 B B1 16.3 ± 1.3 
0-25 B B2 18.8 ± 1.2 
17.6 ± 0.9 
 
1.57 ± 0.16 
25-50 A A1 12.9 ± 1.2 *12.9 ± 1.2 
25-50 B B1 18.8 ± 1.1 
25-50 B B2 18.8 ± 1.3 
18.8 ± 0.7 
 
1.46 ± 0.15 
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Figure 4-16: The comparison of the 226Ra activity concentrations as measured in 
different sampling points as a function of depth. Activity concentrations were 
measured using an HPGe detector. The activity concentrations of radium are listed in 
Table 4-5. 
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Figure 4-17: The comparison of the 226Ra activity concentrations as measured at 
different sampling points using a MEDUSA detector. The MEDUSA activity 
concentrations were normalized by the normalization factors from sampling point B2 
(see Annexure D, for more details).   
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Figure 4-18: Plot of MEDUSA detector count rates (cps) during the survey of at 
stationary points. 
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Table 4-6: The correlations between concentrations of radon in soil and activity 
concentrations of radium. Data from both zones (A and B) were used to derive the 
correlation coefficients. 
222Rn conc. vs 226Ra 
conc. as a function 
of depth (cm) 
Coefficient of 
determination 
(r2) 
Correlation 
coefficient (r) 
25 0.610 0.781 
50 0.877 0.937 
75 0.706 0.840 
100 0.739 0.860 
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Figure 4-19: The correlation between radon concentrations and activity 
concentrations of radium at depths (a) 25 and (b) 50 cm. 
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Figure 4-20: The correlation between radon concentrations and activity 
concentrations of radium at depths (a) 75 and (b) 100 cm. 
 
In fault zones, radon concentrations were 2 to 6 times higher than the background 
value as measured at a specific depth (especially at 50 cm depth) [Mou03, Ioa03]. In 
the present study, radon concentrations in zone B were 2 to 3 times higher than the 
radon concentrations in zone A at all depths (25, 50, 75 and 100 cm). The average 
activity concentration of uranium (radium) in zone B was higher than in A by a factor 
of 1.57 ± 0.16 and 1.46 ± 0.15 at depths of 0-25 and 25-50 cm, respectively (see Table 
4-5). The radium concentration in soil seems to be mainly responsible for the higher 
soil-gas concentrations found zone B.   
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4.3 Model fits to radon depths profiles 
 
The measured radon concentrations as a function of depth (profiles shown in Figures 
4-6 to 4-8) were fitted with an expression (equation 1.6) derived use the one-
dimensional diffusion model (see Chapter 1, section 1.2). The parameters in the 
equation were varied to minimize the least-squares residual between the expression 
and the dependent variable. The fitting was done using the PHYSICA analysis 
software. The following procedure was followed: 
? 226Ra concentrations were set equal to the average activity 238U concentration 
at 0-50 cm depth;  
? the radon in air value ( surfaceC ) was set equal to 71.0 ± 41.0 Bq.m-3 as 
measured at point A1 in this study; 
? the sample density (kg.m-3) was set equal to the bulk density (ρb), but the 
specific density (ρs) was used to calculate the generation rate of radon 
(equation 1.4). The relationship between the bulk and specific density is given 
by ρb = ρs(1-ε), where ε is the soil porosity. The sample densities were 
averaged (0-50 cm depth) as the soil samples were collected at two depths (0-
25 and 25-50 cm); 
? the radon emanation coefficient (η) and porosity were fixed, while the 
diffusion length ( l ) was allowed to vary; 
? the porosity was kept constant while the emanation coefficient varied 
manually from a value of 0.20 in steps of 0.05 up to a value of 0.50. At each 
step, a fit was obtained and the diffusion length was determined from the 
PHYSICA fits. These parameters were set to vary from 0.20 to 0.50 after 
looking at previous studies (see chapter 1, section 1.1);  
? the radon emanation coefficient was then fixed to a value where the best chi-
square per degree of freedom (χ2pdf) was obtained (previous step), and the 
porosity was then varied manually; and  
? finally, the emanation coefficient and porosity were fixed at the optimum 
values found using the step above, and the diffusion was allowed to vary. 
 
 For a good fit the χ2pdf (reduced chi-square) is expected to be close to one. The χ2pdf 
is given by the following formula [Kno89]: 
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 where N (total number of measurements) and M (=1) represent the degree of 
freedom, iw  ( ii ss ,/1
2  is the standard deviation) is the weighting factor, ix  is the 
measured value, im  is the model prediction and ixΔ  is the uncertainty in each value 
of the measurement.  
 
The best-fit curves obtained for the profiles are superimposed on the data in Figures 
4-6 to 4-8, while important information relating to the fits are given in Table 4-7. The 
figures show the two fitted curves (solid and dotted curve) (see Figure 4-6 to 4-8). 
The solid curve indicates that all the measured data points were included during the 
fitting, while the dotted curve indicates that the 25 cm data points were omitted during 
the fitting. From the results in Figure 4-6 to 4-8 it is clear that the model used to 
predict the radon profiles, namely the one-dimensional diffusion model, fails to 
describe the experimental data, especially at shallow depths (< 50 cm) as mentioned 
before. This finding is consistent with that of Speelman [Spe05] (see Figure 1-15 in 
Chapter 1). A possible reason could be that the measurement at shallow depths suffers 
from a leakage of air down the side of the probe when taking measurements [Spe05]. 
In order to assess whether a loss of radon to the atmosphere from shallow depths, 
along the probe, is responsible for the discrepancy, radon measurements were made at 
a specific depth with and without rubber mat (see Figure 2-20 (d) in Chapter 2). The 
comparison of radon concentrations measured with and without rubber mat showed 
consistency for depth of ≤ 25 cm. At 50 cm, the results showed inconsistency of radon 
concentrations but not significantly as can be seen in Figure 4-22. Also, as discussed 
in Chapter 1, radon migration can be described to diffusion and / or advection. Since 
the modeling used here only incorporates the former process, it is suggested that a 
new model incorporating also advection (which is driven by air pressure differences) 
should be developed. 
 
The diffusion lengths ( l ) found from the fitting are plotted in Figure 4-21. In view of 
the results discussed in section 4.1 above, the diffusion lengths obtained when 
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omitting the 25 cm data are more realistic, although there is still a big variation 
(approximately factor 2) in the value obtained in a particular zone. The radon results 
from the August and October measurements when water was pumped indicate that the 
effective diffusion length was ~ 30 cm. The reason for this deduction is illustrated 
schematically in Figure 4-23 where the effect of a varying water table on the radon 
concentration measurement at a point is shown. Using the notation in this figure: if the 
concentrations measured at point A in both cases (a) and (b) are the same, one can say 
that the diffusion length in the vicinity of the measurement (assumed to be made in 
dry and rainy season, respectively) is roughly less than Z2'. 
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Table 4-7: Fixed and best-fit free parameters used for model fits at both zones (A and B). * indicates the measured parameters. $ denotes that the 
25 cm data point was omitted during the fitting in sampling point A1a, A2a, A3a, B1a and B2. 
   Fixed Parameters Best-Fit Free Parameter 
Fit 
Number 
Zone Point *ρ (g.cm-3) *ARa 
(Bq.kg-1) 
*Csurf. (Bq.m-3) ε η l  (m) χ2 χ2pdf 
1 A A1a 1.43 12.1 ±1.1 71.0 ± 41.0 0.20 0.50 3.49 ± 0.09 142.2 47.7 
2 A $A1a 1.43 12.1 ±1.1 71.0 ± 41.0 0.40 0.20 0.55 ± 0.02 2.02 1.01 
3 A A2a 1.41 16.1 ±1.1 71.0 ± 41.0 0.20 0.50 8.71 ± 0.26 20.4 6.79 
4 A $A2a 1.41 16.1 ±1.1 71.0 ± 41.0 0.50 0.20 1.76 ± 0.06 0.78 0.39 
5 A A3a 1.39 8.49 ± 0.86 71.0 ± 41.0 0.20 0.50 3.28 ± 0.09 139.9 46.6 
6 A $A3a 1.39 8.49 ± 0.86 71.0 ± 41.0 0.40 0.25 0.55 ± 0.03 2.34 1.17 
7 B B1a 1.30 17.5 ± 1.2 71.0 ± 41.0 0.50 0.25 0.38 ± 0.01 625.2 208.4 
8 B $B1a 1.30 17.5 ± 1.2 71.0 ± 41.0 0.50 0.20 0.41±0.02 3.48 1.74 
9 B B2 1.29 18.8 ± 1.3 71.0 ± 41.0 0.20 0.50 2.26 ± 0.06 66.1 22.0 
10 B $B2 1.29 18.8 ± 1.3 71.0 ± 41.0 0.50 0.45 0.95 ± 0.03 4.41 2.20 
 
 
 
 
 
  110 
 
0
1
2
3
4
5
6
7
8
9
10
A1a A2a A3a B1a B2
Location
D
iff
us
io
n 
le
ng
th
 (m
)
l-for all data points
l-without 25 cm data
point
 
 
Figure 4-21: The comparison of radon diffusion lengths (best-fit parameter) extracted 
from least-square fitting for cases where all the data points were included, and where 
the 25 cm data points were omitted during the fitting. 
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Figure 4-22: Radon concentration as a function of depth at sampling point A1g in 
zone A. 
 
 
 
 
 
 
 
 
 
 
   
 111 
 
 
  
 
 
                                                                      
                                                            
                                                                              
                                                            
            
       
                                                                    
 
 
                                                                            
   
 
 
 
(a) 
 
 
 
 
 
 
                                                                       
 
                                                               
 
 
                                                                       
 
 
 
 
 
(b) 
 
Figure 4-23: Schematic cross-sectional view of the ground for the case of (a) a low 
water table and (b) a high water table. Point A is a point (a distance Z1 below the 
surface) where we are interested in knowing the soil-gas radon concentration. Z2 and 
Z2' represent the distance between A and the top of the water table for cases (a) and 
(b), respectively. The curves indicate the diffusion path of some radon atoms. 
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CHAPTER 5 CONCLUSION 
 
5.1 Summary 
 
Measurements of soil-gas radon concentrations were made at the iThemba LABS site 
on the Cape Flats using a RAD7 radon monitor based on alpha spectrometry. At the 
start of each measurement, meteorological data were also recorded using a pocket-
sized weather station (Kestrel 4000). The measurements were made in two zones (A 
and B) on the site. In-situ and laboratory-based measurements of primordial activity 
concentrations in soil were made at the radon sampling points. The main findings of 
this study are: 
? significant seasonal variations in soil-gas radon concentration were observed 
(concentrations were generally much lower during or after the rainy season 
due to the presence of a high water table, and possibly the presence of more 
lush vegetation causing more radon to escape to the atmosphere); 
? significant (up to a factor of 2) local variation in radon concentration was 
observed at a particular depth, in a particular zone during autumn (just after 
the dry season); 
? the soil-gas radon concentrations (for depth > 25 cm) in zone B were 
approximately a factor of 2 higher than in zone A. The difference is largely 
due to the fact that the 226Ra soil activity concentrations in zone B were higher 
than in zone A (by a factor of ~ 1.6); 
? significant correlations (with coefficients > 0.6) were found between soil-gas 
radon concentrations and soil 226Ra activity concentrations (using a 
combination of zone A and B data); 
? no significant, robust correlations (with coefficients > 0.6) were found 
between soil-gas radon concentrations and meteorological parameters. Often 
contradictory results (in terms of the sign of the coefficient) were found; 
? from measurements made at two depths (25 and 50 cm) in zone A, over a 24 
hour period, there is evidence of a statistically significant variation between 
night and day radon concentrations, with the former being higher; and 
? the one-dimensional diffusion model used to fit the measured radon 
concentration depth profiles failed to fit the data when the results for a depth 
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of 25 cm were included. When the 25 cm data were excluded the fits yielded 
diffusion lengths that are more realistic, although significant variations in 
diffusion length were found in a particular zone. 
 
5.2 Outlook 
 
Some suggestions that emerge from this study in connection with exploring geologic 
fault zones using soil-gas radon measurements are: 
? 226Ra activity concentration measurements should be made in soil where radon 
measurements are made to assess local sources of radon; 
? perform measurements at the end of the dry season in order to avoid effects of 
moisture and water table on radon values. When the water table is high in soil-
gas radon concentration will be expected to be severely quenched;  
? attempt to perform measurements in a zone where there is sparse vegetation 
and no trees close by in order to avoid loss of radon along the roots; 
?  perform measurements in the period late morning to early afternoon in order 
to avoid day-night variation in radon concentrations; and 
? perform radon measurements at a depth ≥  50 cm to avoid systematic 
measurement effects at shallow depth (< 50 cm).  
 
For follow-up work on this study the following are suggested: 
? in order to free more parameters during the fitting of the radon profiles, more 
depths should be considered in future; 
? measurement of radon in soil-pore water should be made, especially after a 
rainy season (winter) in order to assess the distribution of radon between air 
and water phases; 
? select more sampling points in zone A and B – this will allow for easier 
investigation of correlation of meteorological data with radon concentration 
(without having to correct for radium concentrations); 
? more radon data (at a depths of less than 50 cm) need to be collected in order 
to further study the mismatch between experimental data and model 
predictions – the additional data may facilitate an improvement of the model; 
 
 
 
 
  114 
? use more sampling depths in order to have more degrees of freedom while 
doing model fits; 
? measurements of radon emanation coefficient in the laboratory will also 
reduce the number of unknown parameters during the modeling;  
? more measurements of radon in air (above ground) as a function of the day or 
season should be made – the result from one measurement was used for all the 
modelling described above; 
? larger depths (> 50 cm) for 24 h radon measurements need to be considered in 
order to further study day-night variations in radon concentrations;  
? use another technique (e.g. SSNTD) to measure radon concentrations at 
especially shallow depth to assess the contribution of any RAD7 systematic 
error to the discrepancy between model descriptions and experiment; and 
? further study of the length profile of primordial activity concentrations in soil 
(especially for depths > 50 cm) is needed. 
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ANNEXURES 
Annexure A – Tables of measured soil-gas radon 
concentrations: zone A 
 
The tables are showing 222Rn concentrations measured with the RAD7 detector at 
different depths in zone A. The tables are also showing the meteorological parameters 
such as temperature, pressure, wind speed, and humidity as measured by portable 
weather tracker (Kestrel 4000). The meteorological parameters were measured during 
the first 5 minutes (pumping period) of every radon measurement. 
 
A.1 May 2006 
 
 
Table A.1.1: Radon concentrations at point A1a as measured at different depth on 
May 9, 2006 (see Table 2-4, section 2.3.3). 
depth 
(cm) 
222Rn conc. 
(Bq.m-3) 
temperature 
(°C) 
pressure 
(mb) 
w. speed 
(m/s) 
humidity 
(%) 
time 
(h) 
25 1910 ± 202 30.8 1017.9 0 31.6 10:12 
50 8700 ± 215 29.5 1017.7 0.5 28.5 11:22 
75 10700 ± 1030 27 1017.2 0.9 27.5 12:08 
100 11000 ± 776 28.5 1017.5 1.1 27 12:50 
 
 
Table A.1.2: Radon concentrations at point A2a as measured at different depth on 
May 8, 2006 (see Table 2-4, section 2.3.3). 
depth 
(cm) 
222Rn conc. 
(Bq.m-3) 
temperature 
(°C) 
pressure 
(mb) 
w. speed 
(m/s) 
humidity 
(%) 
time 
(h) 
25 1220 ± 199 24.6 1020.8 0 36.7 11:30 
50 4330 ± 354 26.9 1018.7 0.4 27.2 13:28 
75 6130 ± 298 28.2 1018.5 0.6 24.4 14:10 
100 7990 ± 297 28.5 1018.5 0.4 22.2 14:50 
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Table A.1.3: Radon concentrations at point A3a as measured at different depth on 
May 9, 2006 (see Table 2-4, 2.3.3) 
depth 
(cm) 
222Rn conc. 
(Bq.m-3) 
temperature 
(°C) 
pressure 
(mb) 
w. speed 
(m/s) 
humidity 
(%) 
time 
(h) 
25 799 ± 206 28.3 1016.3 0.8 22.3 14:50 
50 7800 ± 380 28 1016 1.0 20.5 15:30 
75 9160 ± 859 26 1015.9 1.1 23.6 16:09 
100 9990 ± 310 25.9 1015.9 0.7 24.8 16:48 
 
A.2 24 hour radon measurements (May 2006) 
 
Table A.2.1: Radon concentrations measured at 25 cm depth at point A3b during May 
11-12, 2006 (see Table 2-4, section 2.3.3). 
time (h) 222Rn conc. 
(Bq/m3) 
temperature 
(°C) 
pressure 
(mb) 
w. speed 
(m/s) 
humidity 
(%) 
10:00 3100 ± 414 24.6 1014.5 0.5 31.5 
12:00 2180 ± 181 28.2 1014.0 1.3 21.7 
13:00 2050 ± 91 29.0 1013.2 1.5 19.1 
14:00 1790 ± 440 29.5 1013.0 0.5 25.0 
15:00 1910 ± 312 29.2 1014.8 0.9 22.2 
16:00 1930 ± 393  28.6 1011.8 1.8 25.1 
17:00 2020 ± 324 26.9 1012.3 0.6 29.2 
18:00 2620 ± 332 21.2 1012.8 0.3 43.0 
22:00 2580 ± 444 13.3 1014.0 0 71.5 
02:00 2360 ± 512 10.0 1012.8 0 82.6 
06:00 2560 ± 68 9.6 1011.8 0.2 80.0 
10:00 2320 ± 347 28.5 1012.7 2.4 16.0 
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Table A.2.2: Radon concentrations measured at 50 cm depth at point A3b during May 
12-13, 2006 (see Table 2-4, section 2.3.3). 
time (h) 222Rn conc. 
(Bq/m3) 
temperature 
(°C) 
pressure 
(mb) 
w. speed 
(m/s) 
humidity 
(%) 
11:00 8490 ± 360 29.6 1012.2 2.0 14.9 
12:00 8250 ± 152 32.0 1011.5 1.5 14.9 
13:00 8660 ± 510 30.5 1010.8 2.0 15.7 
14:00 8510 ± 516 31.4 1010.4 2.5 15.1 
15:00 9360 ± 626 28.3 1010.4 0.9 21.5 
16:00 9440 ± 889 28.1 1010.5 1.5 22.0 
17:00 10600 ± 596 22.9 1011.4 0.9 32.8 
18:00 10900 ± 1200 20.0 1012.2 0.5 42.8 
22:00 10800 ± 862 18.1 1013.8 0 52.2 
02:00 11200 ± 1280 16.1 1014.3 0 72.2 
06:00 10900 ± 474 14.8 1015.6 0 91.4 
10:00 10300 ± 300 20.1 1016.7 1.2 57.4 
 
 
A.3 August 2006 
 
Table A.3.1: Radon concentrations measured at point A2c on August 1, 2006 (see 
Table 2-4, section 2.3.3). 
depth 
(cm) 
222Rn conc. 
(Bq/m3) 
temperature 
(°C) 
pressure 
(mb) 
w. speed 
(m/s) 
humidity 
(%) 
time (h) 
25 1400 ± 237 14.4 1019.5 2.5 63.5 10:53 
50 212 ± 29 16.2 1019.3 3.0 53.1 11:40 
 
Table A.3.2: Radon concentrations measured at point A3c on August 1, 2006 (see 
Table 2-4, section 2.3.3) 
Depth 
(cm) 
222Rn conc. 
(Bq/m3) 
temperature 
(°C) 
pressure 
(mb) 
w. speed 
(m/s) 
humidity 
(%) 
time (h) 
25 123 ± 45 16.9 1017.9 2.5 55.9 13:30 
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Table A.3.3: Radon concentrations measured at point A1b on August 3, 2006 (see 
Table 2-4, section 2.3.3). 
depth 
(cm) 
222Rn conc. 
(Bq/m3) 
temperature 
(°C) 
pressure 
(mb) 
w. speed 
(m/s) 
humidity 
(%) 
time (h) 
25 71 ± 41 17.0 1024.1 2.5 64.4 10:55 
 
Table A.3.4: Radon concentrations measured at point A2d on August 3, 2006 (see 
Table 2-4, section 2.3.3). 
depth 
(cm) 
222Rn conc. 
(Bq/m3) 
temperature 
(°C) 
pressure 
(mb) 
w. speed 
(m/s) 
humidity 
(%) 
time (h) 
25 768 ± 137 15.9 1024.2 1.5 61.9 10:05 
 
Table A.3.5: Radon concentrations measured at point A3d on August 3, 2006 (see 
Table 2-4, section 2.3.3). 
depth 
(cm) 
222Rn conc. 
(Bq/m3) 
temperature 
(°C) 
pressure 
(mb) 
w. speed 
(m/s) 
humidity 
(%) 
time (h) 
25 18 ± 35 17.9 1023.8 1.7 60.3 11:37 
 
 
A.4 October 2006 
 
In October campaign more points were considered as can be seen in Table A.4.1. A 
rubber mat was used to prevent radon from escaping or air from entering in the soil. A 
rubber mat was used to test if it has any effect on radon measurements especially at 
shallow depth (see Tables A.4.4 to A.4.7).  
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Table A.4.1: Radon concentrations measured at point A1c on October 2, 2006 (see 
Table 2-4, section 2.3.3). 
depth 
(cm) 
222Rn conc. 
(Bq/m3) 
temperature 
(°C) 
pressure 
(mb) 
w. speed 
(m/s) 
humidity 
(%) 
time (h) 
10 71 ± 50 19.4 1018.7 3.0 44.5 11:34 
15 132 ± 78 18.4 1018.4 2.5 39.6 12:15 
20 256 ± 113 20.0 1018.0 2.5 42.3 13:00 
25 423 ± 64 20.9 1017.7 3.2 41.4 13:38 
30 529 ± 121 18.3 1017.6 3.9 46.8 14:15 
35 944 ± 161 17.6 1017.5 5.5 51.6 14:51 
40 2530 ± 314 19.2 1017.4 4.0 42.0 15:35 
45 6860 ± 212 17.3 1017.4 3.0 50.1 16:09 
50 8120 ± 502 16.4 1018.0 3.2 57.4 16:42 
75 7020 ± 486 17.7 1018.2 2.5 48.6 17:17 
 
Table A.4.2: Radon concentrations measured at point A1d on October 5, 2006 (see 
Table 2-4, section 2.3.3). 
depth 
(cm) 
222Rn conc. 
(Bq/m3) 
temperature 
(°C) 
pressure 
(mb) 
w. speed 
(m/s) 
humidity 
(%) 
time (h) 
10 247 ± 50 26.7 1021.9 0.0 33.9 10:00 
15 229 ± 62 28.5 1021.7 0.6 26.0 10:37 
20 741 ± 150 28.9 1021.1 0.9 26.0 11:13 
25 715 ± 150 29.9 1020.7 1.9 20.2 11:50 
 
Table A.4.3: Radon concentrations measured at point A1e on October 5, 2006 (see 
Table 2-4, see section 2.3.3). 
depth 
(cm) 
222Rn conc. 
(Bq/m3) 
temperature 
(°C) 
pressure 
(mb) 
w. speed 
(m/s) 
humidity 
(%) 
time (h) 
25 159 ± 89 27.2 1019.9 1.4 25.8 12:34 
30 1010 ± 194 26.7 1019.4 1.5 24.5 13:22 
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Table A.4.4: Radon concentrations (with no mat) measured at point A1f on October 6, 
2006 (see Table 2-4, section 2.3.3). 
depth 
(cm) 
222Rn conc. 
(Bq/m3) 
temperature 
(°C) 
pressure 
(mb) 
w. speed 
(m/s) 
humidity 
(%) 
time (h) 
15 141 ± 29 27.0 1013.1 1.0 25.6 10:48 
25 247 ± 77 25.6 1013.6 2.5 34.4 12:06 
50 4650 ± 720 27.4 1013.0 1.9 29.1 14:11 
 
Table A.4.5: Radon concentrations (with a mat) measured at point A1f on October 6, 
2006 (see Table 2-4, section 2.3.3). 
depth 
(cm) 
222Rn conc. 
(Bq/m3) 
temperature 
(°C) 
pressure 
(mb) 
w. speed 
(m/s) 
humidity 
(%) 
time (h) 
15 203 ± 34 28.8 1013.1 0.9 21.7 10:09 
25 283 ± 144 25.6 1013.3 2.0 27.0 12:43 
50 5680 ± 210 26.5 1013.1 1.6 25.8 13:28 
 
Table A.4.6: Radon concentrations (with no mat) measured at point A1g on October 
6, 2006 (see Table 2-4, section 2.3.3). 
depth 
(cm) 
222Rn conc. 
(Bq/m3) 
temperature 
(°C) 
pressure 
(mb) 
w. speed 
(m/s) 
humidity 
(%) 
time (h) 
25 345 ± 73 24.6 1013.0 1.8 44.6 15:37 
 
Table A.4.7: Radon concentrations (with mat) measured at point A1g on October 6, 
2006 (see Table 2-4, section 2.3.3). 
depth 
(cm) 
222Rn conc. 
(Bq/m3) 
temperature 
(°C) 
pressure 
(mb) 
w. speed 
(m/s) 
humidity 
(%) 
time (h) 
25 478 ± 93 28.0 1012.9 1.1 24.7 14:59 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 121 
Annexure B – Tables of measured soil-gas radon 
concentrations: zone B 
 
The tables are showing 222Rn concentrations measured with the RAD7 detector at 
different depths in zone B. The tables are also showing the meteorological parameters 
such as temperature, pressure, wind speed, and humidity as measured by portable 
weather tracker (Kestrel 4000). The meteorological parameters were measured during 
the first 5 minutes (pumping period) of every radon measurement. 
 
B.1 May 2006 
 
 
Table B.1.1: Radon concentrations measured at different depths at point B1a on May 
10, 2006 (see Table 2-5, section 2.3.3). 
depth 
(cm) 
222Rn conc. 
(Bq.m-3) 
temperature 
(°C) 
pressure 
(mb) 
w. speed 
(m/s) 
humidity 
(%) 
time (h) 
25 12800 ± 138 24.2 1015.5 0.3 36.5 09:52 
50 13100 ± 277 26.8 1015.4 0.6 27.5 10:35 
75 14500 ± 557 29.3 1015.2 0.2 25.5 11:16 
100 16400 ± 333 29.9 1015.1 0.6 22.4 11:59 
 
 
Table B.1.2: Radon concentrations measured at different depths at point B2 on May 
10, 2006 (see Table 2-5, section 2.3.3). 
depth 
(cm) 
222Rn conc. 
(Bq.m-3) 
temperature 
(°C) 
pressure 
(mb) 
w. speed 
(m/s) 
humidity 
(%) 
time (h) 
25 5950 ± 327 30.8 1014.5 0.8 18.5 12:56 
50 17100 ± 758 30.1 1013.8 1.5 18.2 13:59 
75 25000 ± 798 29.6 1013.6 1.8 15.8 14:17 
100 26900 ± 1370 28.8 1013.7 2.0 20.0 14:59 
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B.2 August 2006 
 
Table B.2.1: Radon concentrations measured at different depths at point B1b on 
August 2, 2006 (see Table 2-5, section 2.3.3). 
depth 
(cm) 
222Rn conc. 
(Bq/m3) 
temperature 
(°C) 
pressure 
(mb) 
w. speed 
(m/s) 
humidity 
(%) 
time (h) 
25 0 ± 0 20.2 1021.3 2.0 59.6 09:51 
50 0 ± 0 22.1 1021.4 2.1 49.9 10:30 
 
 
Table B.2.2: Radon concentrations measured at different depths at point B2a on 
August 2, 2006 (see Table 2-5, section 2.3.3). 
depth 
(cm) 
222Rn conc. 
(Bq/m3) 
temperature 
(°C) 
pressure 
(mb) 
w. speed 
(m/s) 
humidity 
(%) 
time (h) 
25 18 ± 20 16.5 1021.7 1.5 64.8 12:00 
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Annexure C – Tables: Gamma-ray lines and associated (soil) 
activity concentrations (HPGe data) 
 
 
Laboratory-based measurements were done with an HPGe detector for the 
determination of activity concentration of 238U, 232Th and 40K from the soil collected 
in both zones (A and B). In these tables the activity concentration due to each gamma-
ray energy will be given.  
 
C.1 Soil samples (zone A) 
 
In zone A, three soil samples were collected in sampling point A1 and A3.  
 
 
Table C.1.1: Activity concentrations (Bq.kg-1) of 238U, 232Th and 40K and associated 
uncertainties obtained for each gamma-ray line for A1 (0-25) cm sample. 
A1 (0 – 25) cm 
238U keV (Bq/kg) Uncertainty
295.2 11.60 0.30 
351.9 11.59 0.23 
609.3 10.44 0.19 
1120.3 10.20 0.39 
 
1001.1 12.40 4.29 
Average  11.24 1.08 
 
232Th 238.6 14.63 0.20 
338.3 14.12 0.50 
583.2 12.63 0.35 
727.3 14.88 0.69 
 
911.2 13.97 0.45 
Average  14.04 1.41 
 
40K 1460.8 81.13 1.41 
 
 
 
 
 
 
 
 
 
  124 
Table C.1.2: Activity concentrations (Bq.kg-1) of 238U, 232Th and 40K and associated 
uncertainties obtained for each gamma-ray line for A1 (25 – 50) cm sample.  
A1 (25 – 50) cm 
238U keV (Bq/kg) Uncertainty
295.2 13.19 0.35 
351.9 13.27 0.30 
609.3 11.89 0.24 
1120.3 11.85 0.49 
 
1001.1 14.51 4.59 
Average  12.94 1.19 
 
232Th 238.6 18.27 0.24 
338.3 17.51 0.60 
583.2 15.89 0.45 
727.3 19.71 0.83 
 
911.2 16.74 0.53 
Average  17.62 0.52 
 
40K 1460.8 100.83 1.79 
 
Table C.1.3: Activity concentrations (Bq.kg-1) of 238U, 232Th and 40K and associated 
uncertainties obtained for each gamma-ray line for A3 (0 –15) cm sample.  
A3 (0 – 15) cm 
238U keV (Bq/kg) Uncertainty
295.2 8.41 0.23 
351.9 8.19 0.17 
609.3 7.23 0.14 
1120.3 7.53 0.32 
 
1001.1 11.1 0.43 
Average  8.49 0.86 
 
232Th 238.6 9.21 0.14 
338.3 8.93 0.38 
583.2 8.00 0.24 
727.3 9.41 0.57 
 
911.2 8.97 0.31 
Average  8.90 0.33 
 
40K 1460.8 39.6 0.88 
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C.2 Soil samples (zone B)  
 
In this zone, four samples were collected in sampling points B1 and B2.  
 
Table C.2.1: Activity concentrations (Bq.kg-1) of 238U, 232Th and 40K and associated 
uncertainties obtained for each gamma-ray line for B1 (0 – 25) cm sample. 
B1 (0 – 25) cm 
238U keV (Bq/kg) Uncertainty
295.2 17.19 0.41 
351.9 17.53 0.32 
609.3 15.18 0.25 
1120.3 15.88 0.56 
 
1001.1 15.46 4.96 
Average  16.25 1.30 
 
232Th 238.6 24.66 0.29 
338.3 24.31 0.84 
583.2 21.84 0.57 
727.3 23.52 0.86 
 
911.2 23.31 0.70 
Average  23.53 0.65 
 
40K 1460.8 97.73 1.69 
 
Table C.2.2: Activity concentrations (Bq.kg-1) of 238U, 232Th and 40K and associated 
uncertainties obtained for each gamma-ray line for B1 (25 – 50) cm sample. 
B1 (25 – 50) cm 
238U keV (Bq/kg) Uncertainty
295.2 19.52 0.47 
351.9 19.83 0.36 
609.3 17.64 0.28 
1120.3 18.82 0.58 
 
1001.1 18.05 3.60 
Average  18.77 1.05 
 
232Th 238.6 32.66 0.36 
338.3 31.22 0.90 
583.2 29.35 0.74 
727.3 33.16 0.93 
 
911.2 32.08 0.92 
Average  31.69 0.77 
 
40K 1460.8 138.12 2.16 
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Table C.2.3: Activity concentrations (Bq.kg-1) of 238U, 232Th and 40K and associated 
uncertainties obtained for each gamma-ray line for B2 (0 – 25) cm sample. 
B2 (0 – 25) cm 
238U keV (Bq/kg) Uncertainty
295.2 17.55 0.40 
351.9 17.82 0.31 
609.3 16.04 0.25 
1120.3 16.67 0.52 
 
1001.1 25.94 4.66 
Average  18.81 1.23 
 
232Th 238.6 25.27 0.29 
338.3 24.56 0.74 
583.2 21.65 0.56 
727.3 24.64 0.76 
 
911.2 22.93 0.68 
Average  23.81 0.60 
 
40K 1460.8 91.54 1.59 
 
 
Table C.2.4: Activity concentrations (Bq.kg-1) of 238U, 232Th and 40K and associated 
uncertainties obtained for each gamma-ray energy line for B2 (25 – 50) cm sample.  
B2 (25 – 50) cm 
238U keV (Bq/kg) Uncertainty
295.2 19.84 0.46 
351.9 20.58 0.38 
609.3 18.69 0.30 
1120.3 19.02 0.60 
 
1001.1 16.01 4.88 
Average  18.83 1.32 
 
232Th 238.6 32.45 0.36 
338.3 31.85 0.95 
583.2 29.54 0.76 
727.3 35.34 1.08 
 
911.2 31.63 0.92 
Average  32.17 0.81 
 
40K 1460.8 129.19 2.13 
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Annexure D – Determination of MEDUSA normalization factors 
 
 The normalization factors obtained from point A3 (Table D.1) and B2 (Table D.2) 
were used to normalize the MEDUSA data measured at A1, A2, A3, B1 and B2. 
Dividing the HPGe activity concentration by MEDUSA activity concentration ( )cA  
generates the normalization factors ( fN ). The expression can be written as: 
 
)(
)(
MEDUSAA
HPGeAN
c
c
f =     (D.1) 
 
The uncertainties of the normalization factors were propagated using the following 
equation:  
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where M  is the activity concentration from MEDUSA data, MΔ is the uncertainty of 
MEDUSA activity concentration, HPGe  represent the activity concentration of 
primordial radionuclides and HPGeΔ  is the uncertainties of primordial radionuclides. 
 
The uncertainties of the normalized MEDUSA ( nM ) activity concentrations were 
propagated using the following equation: 
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where fNΔ  is given by equation C.2 and nM = fN * M . 
 
The normalized MEDUSA activity concentration showed no agreement with the 
HPGe activity concentration when normalization factors from A3 were used. Instead, 
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when using the normalization factors from B2, the activity concentrations (HPGe and 
MEDUSA) showed a good agreement in all measured points except point A3.  
 
Table D.1: The normalization factors and their uncertainties from A1 at zone A. 
Nuclides Normalization 
Factors 
Delta Norm. Factors 
238U 8.40E-05 8.48E-06 
232Th 9.87E-05 3.63E-06 
40K 2.36E-03 5.27E-05 
 
Table D.2: The normalization factors and their uncertainties form B2 at zone B. 
Nuclides Normalization 
Factors 
Delta Norm. Factors 
238U 1.63E-04 1.07E-05 
232Th 1.66E-04 4.21E-06 
40K 4.53E-03 7.85E-05 
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